University of New Hampshire

University of New Hampshire Scholars' Repository
Doctoral Dissertations

Student Scholarship

Fall 2020

The Trophic Ecology of Coral Reef Sponges in Caribbean
Mesophotic Ecosystems
Keir John Macartney
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/dissertation

Recommended Citation
Macartney, Keir John, "The Trophic Ecology of Coral Reef Sponges in Caribbean Mesophotic Ecosystems"
(2020). Doctoral Dissertations. 2531.
https://scholars.unh.edu/dissertation/2531

This Dissertation is brought to you for free and open access by the Student Scholarship at University of New
Hampshire Scholars' Repository. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of University of New Hampshire Scholars' Repository. For more information, please contact
Scholarly.Communication@unh.edu.

The Trophic Ecology of Coral Reef Sponges in Caribbean
Mesophotic Ecosystems
BY

Keir J. Macartney

Bachelor of Marine Biology (Honours), University of St Andrews, 2016

DISSERTATION

Submitted to the University of New Hampshire
in Partial Fulfillment of
the Requirements for the Degree of
Doctor of Philosophy
In
Molecular and Evolutionary Systems Biology
September 2020

i

This dissertation was examined and approved in partial fulfillment of the requirements for the
degree of Ph.D. in Molecular and Evolutionary Systems Biology by:

Dissertation Director, Michael P. Lesser, Ph.D.,
Research Professor Emeritus, Molecular, Cellular and Biomedical
Sciences,
University of New Hampshire

Marc Slattery, Ph.D.,
Professor, Pharmacognosy and Environmental Toxicology in
BioMolecular Sciences,
University of Mississippi

Winsor Watson III, Ph.D.,
Professor Emeritus, Biological Sciences,
University of New Hampshire

David Plachetzki, Ph.D.,
Associate Professor, Molecular, Cellular and Biomedical Sciences,
University of New Hampshire
Stephen H. Jones, Ph.D.,
Associate Research Professor, Natural Resources and the
Environment
University of New Hampshire

On August 21, 2020
Approval signatures are on file with the University of New Hampshire Graduate School.

ii

Dedication
I would like to dedicate this work to my family. Your unrelenting support and encouragement
towards my passion for marine biology put me firmly on the path to this moment. I could not
have completed this work without you.

iii

Acknowledgements
First, I want to thank my advisor, Dr. Michael Lesser, for his unwavering guidance and patience
during my four years at UNH. I was as green as they come when I arrived at UNH to begin my
graduate studies, but your support helped guide me through the many challenges that came up.
None of this would have been possible without your Jedi-like wisdom. I would also like to thank
my co-advisor, Dr. Marc Slattery, for his guidance on fieldwork and writing. The challenging
questions you asked me about my work helped me think more critically about many topics. I
would also like to thank the other members of my dissertation committee; Dr. Windsor Watson,
Dr. David Plachetzki, Dr. Stephen Jones and Dr. Marianne Litvaitus. I appreciate the wisdom
and advice you provided during meetings and for your comments on my work.
I would like to thank the many other faculty members, postdoctoral researchers and UNH
students who helped me with analyses and field work. To Dr. Deborah Gochfeld and Dr. Andia
Chavez, thank you for your continued assistance during the many trips to the field and for your
assistance in the wet laboratory. To Dr. Kathleen Morrow, thank you very much for your
comments on many of my early presentations for conferences and showing me the ropes in
laboratory. Thank you to Dr. M. Sabrina Pankey, for your extreme patience with the vast number
of questions I had about molecular and statistical analyses, your continued support in all thing’s
laboratory related and for the many helpful comments you have given me on manuscripts or
presentations. Thank you to Liz Kintzing for keeping an eye on me during the many technical
dives required for this dissertation and for fixing the many problems that cropped up in my CCR
unit while we were in the field. Thank you to Amelia Clayshute for her tireless work on the
proximate biochemical compositions of sponges. Thank you to Derek Rothenheber, Nate Ennis,
Cooper Park, Devon O’Rourke for giving me advice on bioinformatic analyses. I would like to
thank Meghan Hartwick for her help in navigating the fine points of formatting this dissertation
and her advice on statistical methods. Thank you to Alaina Weinheimer for her continued
patience with my endless questions about bioinformatics and the many scripts she helped me
write. You kept me sane during the writing of this dissertation. Thanks to Matt Strobel, Jacob
Koile and Jon Streter for cracking a couple of cold ones open with me when I needed a morale
boost. I also want to thank the scientists at Mote Marine Laboratory and the University of St
Andrews. In particular, thank you to Dr. Erinn Muller and Prof. Christopher Todd for inspiring
me to pursue a graduate degree in this field.
Lastly, I would also like to thank my family. To my Dad, thank you for all you have done
to support me throughout the last few years. To my brother and sister, thanks for taking the time
to encourage me when I was struggling. Without the love and support from my family this would
not have been possible.
All sample collections complied with the laws of the Cayman Islands and the United
States of America. Support was provided by NSF Biological Oceanography (OCE–
1632348/1632333), NOAA NIUST (14U752) and the University of New Hampshire Marine
Biology Small Grants fund.

iv

Table of Contents
Dedication ..................................................................................................................................... iii
Acknowledgements ...................................................................................................................... iv
Table of Contents .......................................................................................................................... v
List of Tables .............................................................................................................................. viii
List of Figures ............................................................................................................................... ix
Abstract ......................................................................................................................................... xi
Chapter 1 ....................................................................................................................................... 1
Abstract ...................................................................................................................................... 2
Introduction ............................................................................................................................... 3
Materials and methods.............................................................................................................. 6
Bulk stable isotope analysis ..................................................................................................... 7
Compound specific isotope analysis of amino acids ............................................................... 7
Statistical analyses .................................................................................................................. 8
Results ...................................................................................................................................... 10
Sponge environment and survey results ................................................................................ 10
Bulk stable isotope analyses: ................................................................................................. 12
Compound specific isotope analyses of amino acids............................................................. 16
Discussion ................................................................................................................................. 21
Conclusions .............................................................................................................................. 29
Acknowledgements .................................................................................................................. 30
Literature Cited ....................................................................................................................... 31
Appendix 1 ................................................................................................................................... 40
Supplemental Information on Compound Specific Isotopic Analysis of Amino Acids
(CSIA-AA)................................................................................................................................ 41
Justification for Assumptions Made in the SIAR4 Models ................................................. 42
Source Data for Bulk SIA and CSIA SIAR4 Models ........................................................... 46
Appendix References............................................................................................................... 48
Chapter 2 ..................................................................................................................................... 51
Abstract .................................................................................................................................... 52
v

Introduction ............................................................................................................................. 53
Methods .................................................................................................................................... 58
Study site ................................................................................................................................ 58
Light and temperature data ................................................................................................... 59
Reciprocal transplant and natural growth experiment ......................................................... 59
Ambient food availability....................................................................................................... 60
Sponge feeding measurements ............................................................................................... 63
Stable isotope analyses .......................................................................................................... 64
Proximate Biochemical Composition .................................................................................... 65
Statistical analyses ................................................................................................................ 66
Results ...................................................................................................................................... 67
Light and temperature ........................................................................................................... 67
Transplant experiment and natural growth of sponges ......................................................... 68
Ambient levels of POM and DOM ......................................................................................... 69
Sponge pumping, consumption of POM and DOM, and nutrient fluxes ............................... 73
Stable isotope analyses .......................................................................................................... 77
Proximate Biochemical Composition .................................................................................... 79
Bite scars on experimental samples....................................................................................... 79
Discussion ................................................................................................................................. 79
Conclusions .............................................................................................................................. 88
Acknowledgements .................................................................................................................. 89
Literature Cited ....................................................................................................................... 90
Chapter 3 ................................................................................................................................... 104
Abstract .................................................................................................................................. 105
Introduction ........................................................................................................................... 107
Methods .................................................................................................................................. 112
Study site .............................................................................................................................. 112
DNA Isolation and 16s rRNA amplicon sequencing ........................................................... 113
Stable isotope analyses ........................................................................................................ 117
Proximate Biochemical Composition .................................................................................. 117
Statistical analyses .............................................................................................................. 118
RESULTS............................................................................................................................... 119
16s rRNA metabarcoding .................................................................................................... 119
Functional profiling of selected KEGG orthologs .............................................................. 127
Stable isotope analyses ........................................................................................................ 135
Proximate Biochemical Composition .................................................................................. 139

vi

Discussion ............................................................................................................................... 141
Conclusion .............................................................................................................................. 150
Acknowledgements ................................................................................................................ 151
Literature Cited ..................................................................................................................... 152
Chapter 4 ................................................................................................................................... 160
Abstract .................................................................................................................................. 161
Introduction ........................................................................................................................... 162
Methods .................................................................................................................................. 166
Site Description ................................................................................................................... 166
Sample Collection ................................................................................................................ 166
Sclerosponge surveys ........................................................................................................... 167
Stable Isotope Analysis ........................................................................................................ 167
DNA Isolation and 16s rRNA amplicon sequencing ........................................................... 169
Results .................................................................................................................................... 172
Sclerosponge surveys ........................................................................................................... 172
Stable isotopes ..................................................................................................................... 173
16s rRNA metabarcoding and predictive functional profiling ............................................ 175
Discussion ............................................................................................................................... 177
Conclusions ............................................................................................................................ 182
Acknowledgements ................................................................................................................ 183
Conflict of Interest Statement .............................................................................................. 184
Literature Cited ..................................................................................................................... 185

vii

List of Tables
Table 1. Mean SIA and CSIA-AA values for sampled sponges .................................................. 13
Table 2 (S1). Contributions of source end members to sponge diet ............................................ 37
Table 3 (S2). Mean 13C CSIA-AA values for all AAs ............................................................... 38
Table 4 (S3). Mean 15N CSIA-AA values for all AAs ............................................................... 39
Table 5. Adjusted feeding rates on non-experimental sponges .................................................... 76
Table 6. Mean 13C and 15N stable isotope and molar C:N ratios of experimental sponges .......... 78
Table 7 (S1). Monthly mean temperature at the study site ........................................................ 101
Table 8 (S2). Fluxes of nutrients from experimental sponges ................................................... 103
Table 9. Selected KEGG genes for predictive functional analysis ............................................ 116
Table 10. Amphimedon compressa predictive functional analysis ............................................ 128
Table 11. Agelas tubulata predictive functional analysis .......................................................... 130
Table 12. Plakortis angulospiculatus predictive functional analysis ......................................... 132
Table 13. Xestospongia muta predictive functional analysis ..................................................... 133
Table 14. Mean 13C and 15N stable isotope and molar C:N ratios of sponge species ............ 136
Table 15. Mean proximate biochemical composition for the sponge species ............................ 140
Table 16 (S1). Mean 13C and 15N stable isotope and molar C:N ratios of C. nicholsoni ....... 193
Table 17 (S2). Comparison of acidified and non-acidified 15N samples ................................. 194
Table 18 (S3). Contributions of source end members to C. nicholsoni diet .............................. 194
Table 19 (S4). Selected KEGG genes for predictive functional analysis of C. nicholsoni ........ 195

viii

List of Figures
Figure 1. Percent cover of sponges in Little Cayman .............................................................. 11
Figure 2. Bivariate plot of 13C and 15N................................................................................. 14
Figure 3. SIAR4 diet reconstruction......................................................................................... 15
Figure 4. Principle component analysis of CSIA-AA data ...................................................... 16
Figure 5. Linear discriminant analysis of CSIA-AA data ........................................................ 18
Figure 6. Bivariate plot of 13CEAA and 15NSAA ...................................................................... 20
Figure 7. Daily temperatures at transplant site ......................................................................... 68
Figure 8. Experimental sponge growth rates ............................................................................ 70
Figure 9. Natural sponge growth rates ..................................................................................... 71
Figure 10. Ambient levels of POM and DOM ......................................................................... 73
Figure 11. Ambient levels of DIN, PO4 and SiO2 .................................................................... 74
Figure 12. Feeding rates of transplanted sponges .................................................................... 77
Figure 13. Bivariate plot of 13C and 15N from experimental sponges .................................. 78
Figure 14 (S1). Photo of a transplanted Agelas tubulata ......................................................... 98
Figure 15 (S2). Effect of depth on PAR ................................................................................... 98
Figure 16 (S3). Volumetric flux of experimental sponges ....................................................... 99
Figure 17 (S4). Proximate biochemical composition of experimental sponges ..................... 100
Figure 18. Shannon-Alpha diversity between sponge species ............................................... 120
Figure 19. Shannon-Alpha diversity between depths ............................................................. 121
Figure 20. NMDS of Bray Curtis distances ........................................................................... 122
Figure 21. Amphimedon compressa microbiome at class level ............................................. 123
Figure 22. Agleas tubulata microbiome at class level............................................................ 124
Figure 23. Plakortis angulospiculatus microbiome at class level .......................................... 125
Figure 24. Xestospongia muta microbiome at class level ...................................................... 126
Figure 25. Bivariate plot of 13C and 15N between sponge speices ..................................... 137
Figure 26. Bivariate plot of 13C and 15N of sponge species between depths ...................... 138
Figure 27 (S1). Seawater samples microbiomes at class level ............................................... 159
Figure 28. Bivariate plot of 13C and 15N of sponge species and associated photos............ 164
ix

Figure 29. Mean abundance and percent cover of Ceratoporella nicholsoni ........................ 173
Figure 30. Diet reconstruction from Ceratoporella nicholsoni.............................................. 174
Figure 31. NMDS of Ceratoporella nicholsoni microbiomes between depths...................... 175
Figure 32. Ceratoporella nicholsoni microbiome at class level ............................................ 177
Figure 33 (S1). Map of sampling site ..................................................................................... 191
Figure 34 (S2). Mean read abundances of phyla in C. nicholsoni microbiome ..................... 191
Figure 35 (S3). Individual samples microbiomes at phylum level ......................................... 192
Figure 36 (S4). Individual samples microbiomes at class level ............................................. 192
Figure 37 (S5). Shannon-Alpha diversity of the microbiome between depths ...................... 193

x

Abstract
Emergent sponges are crucial to the functional ecology of coral reef ecosystems, playing key
roles in benthic-pelagic coupling, biogeochemical cycling of key nutrients, and provision of food
and habitat to a variety of coral reef fauna. In mesophotic coral reef ecosystems (MCEs),
sponges show a repeatable pattern of increasing abundance and diversity with increasing depth.
Mesophotic coral reef ecosystems are typically found between 30 – 150 m and are characterized
by depth-dependent gradients in photosynthetically active radiation (PAR), and trophic resources
such as increases in particulate organic matter (POM) and decreases in dissolved organic matter
(DOM). Increased concentrations of POM appear to support increases in open reef sponge
abundance, growth rates and diversity in MCEs, however the role of bottom-up control
compared to top-down control of sponge distributions is contested in the literature. Given the
importance of sponges on MCEs, increasing our understanding of what regulates their
distribution and abundances is crucial in understanding MCEs function as a whole. To address
this knowledge gap, we conducted a series of studies to assess the role of bottom-up forcing on
the trophic ecology of sponges. We hypothesized that sponges on MCEs would be more
abundant and have higher growth rates relative to their shallow conspecifics due to increased
POM consumption. First, we used both bulk stable isotope analysis (SIA) and compoundspecific isotope analysis of amino acids (CSIA-AA) of 13C and 15N to disentangle the host and
microbiome signal, in order to better understand dietary changes between shallow and
mesophotic depths, the trophic position of sponges and the potential translocation of
resynthesized amino acids by the sponges microbiomes (Chapter 1). We then conducted a
reciprocal transplant experiment and natural growth experiment with Agelas tubulata between
xi

shallow (22 m) and mesophotic (61 m) depths in order to quantify growth rates, feeding on POM
and DOM and nutrient cycling between depths (Chapter 2). As it our data appears to show that a
sponge’s growth is controlled by gradients in POM and DOM concentrations, we then conducted
a “natural” experiment along a shallow to mesophotic depth gradient. We collected tissue
samples of four sponges to assess their microbiome community structure and function, SIA and
proximate biochemical composition (Chapter 3). While these open reef sponges show increases
in abundance and growth rate in MCEs due to increased POM consumption, low light adapted
sponges such as the sclerosponge, Ceratoporella nicholsoni, are also abundant in mesophotic
habitats. We quantified percent cover between a shallow and mesophotic depths and took tissue
samples for 16s rRNA metabarcoding and stable isotope analyses (Chapter 4). The collective
findings in these studies show that bottom-up forcing is the principle factor influencing the
distribution, abundances and growth rates of emergent sponges due to the increased
concentrations of more bioavailable POM on MCEs. While there is species-specific translocation
of resynthesized amino acids by sponges, the total contributions by heterotrophic microbes
through DOM consumption to sponge energetic budgets is still unknown. Species-specific
changes in microbial community composition and function were observed in these studies,
indicating that gradients in PAR or trophic resources can influence the microbiome of sponges
between depths. This has important implications for both sponge trophic strategy and
biogeochemical cycling of carbon and nitrogen between shallow and mesophotic depths We also
found that cryptic and low light sponges in MCE may not be influenced by the increases in POM
and warrant further study given the abundances of these sponges on Caribbean MCEs.
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Abstract
Sponges are a crucial component of Caribbean coral reef ecosystem structure and function. In the
Caribbean, many sponges show a predictable increase in percent cover or abundance as depth
increases from shallow (<30 m) to mesophotic (30-150 m) depths. Given that sponge
abundances are predicted to increase in the Caribbean as coral cover declines, understanding
ecological factors that control their distribution is critical. Here we assess if sponge cover
increases as depth increases into the mesophotic zone for three common Caribbean reef sponges,
Xestospongia muta, Agelas tubulata and Plakortis angulospiculatus, and use stable isotope
analyses to determine whether shifts in trophic resource utilization along a shallow to
mesophotic gradient occurred. The ecological surveys show that all target sponges significantly
increase in percent cover as depth increases. Using bulk stable isotope analysis, we show that as
depth increases there are increases in the 13C and 15N values, reflecting that all sponges
examined consumed more heterotrophic picoplankton, with low C:N ratios in the mesophotic.
However, compound-specific isotope analysis of amino acids (CSIA-AA) shows that there are
species-specific increases in 13CAA and 15NAA values. It appears that sponges consume similar
diets along the depth gradient, with variable changes in isotopic composition due to their unique
microbiomes. There were species-specific increases in 15NAA values along the depth gradient,
which is contrary to our bulk results, as in A. tubulata, no increases in 15NAA were observed.
Based on the CSIA-AA results, it may not be a change in diet quality (i.e., lower C:N ratio
picoplankton) that drives changes in sponge abundances, but an increase in quantity of that
available particulate organic matter (POM). The 13CAA and 15NAA values of these sponges also
reflect species-specific patterns of host utilization of both POM and dissolved organic matter
(DOM), its subsequent re-synthesis, and translocation, by their microbiomes.
2

Introduction
As coral reefs around the world continue to show declines in biodiversity and health (Gardner et
al. 2003, Hoegh-Guldberg et al. 2007, Hughes et al. 2017, 2018) there has been increased interest
in understanding processes affecting the structure and function of coral reef communities in the
Anthropocene (Waters et al. 2016). The decline in coral cover due to anthropogenic stressors
such as pollution, ocean acidification and increases in sea surface temperature (e.g., HoeghGuldberg et al. 2007) has resulted in ecological phase shifts in the benthic communities of many
coral reefs (McManus et al. 2000). These community shifts are predicted to cause an increase in
the abundance of sponges, and changes in the functional attributes of coral reefs as sponge
biomass exceeds coral biomass Caribbean-wide (McMurray et al. 2010, Bell et al. 2013, 2018).
In the Caribbean, sponges provide an important source of food and habitat for a variety of coral
reef species (Diaz & Rutzler 2001, Wulff 2001, Bell 2008). Sponges also play an important role
in benthic food webs through benthic-pelagic coupling due to their consumption of live
particulate organic material (POM) (Pile 1997, Lesser 2006, Lesser & Slattery 2013) and
dissolved organic material (DOM) (de Goeji et al. 2008, 2013, 2017, Mueller et al. 2014), thus
coupling water column productivity to benthic secondary productivity (Gili & Coma 1998,
Lesser, 2006).
The role of bottom-up (i.e., nutrient availability) versus top-down (i.e., predation) control of
sponge distribution, abundance and growth has been debated in the literature (Pawlik et al. 2013,
Pawlik et al. 2016, Lesser & Slattery 2013, Slattery & Lesser 2015, Wulff 2017, Scott & Pawlik
2018, Pawlik et al. 2018, Lesser & Slattery 2018, Lesser et al. 2019a). but most of the data on
this topic has come from studies of the trophic ecology of sponges on shallow coral reefs (de
Goeij et al. 2017).. In contrast, studies in the mesophotic zone, while increasing (Loya et al.
3

2016), are not as common (Lesser et al. 2018). The mesophotic zone is found between 30-150 m
and is defined primarily by gradients of abiotic factors, particularly irradiance (Lesser et al.
2018, Lesser & Slattery 2018). Along the shallow to mesophotic depth gradient, mesophotic
sponges exhibit increased growth rates, abundances, and diversity (Lesser 2006, Trussel et al.
2006, Lesser & Slattery 2013, 2018, Slattery & Lesser 2015). Additionally, their primary
particulate food sources, auto- and heterotrophic picoplankton, increase with depth (Lesser 2006,
Lesser & Slattery 2013). As sponges consume particulate and dissolved food in proportion to its
availability (Lesser 2006, de Goeij et al. 2008, Slattery & Lesser 2015), mesophotic sponges
should consume more POM with increasing depth (e.g. Slattery and Lesser 2015). Despite the
fact that dissolved organic carbon (DOC) declines with increasing depth (Lesser et al. 2019), it
has been suggested that carbon, including both particulate organic carbon (POC) and DOC, is not
limiting for sponges along the shallow to mesophotic depth range (Lesser et al. 2018, Lesser &
Slattery 2018). Nitrogen, however, is much more likely to be a limiting nutrient for sponge
growth (e.g. Hadas et al. 2009). Heterotrophic picoplankton, with low C:N ratios, increase with
increasing depth and may supply the nitrogen required for the observed increase in growth rates
and biomass of mesophotic sponges (Lesser et al. 2018). These patterns suggest that sponge
populations are strongly influenced by bottom-up processes (Lesser & Slattery 2013, Slattery &
Lesser 2015, de Goeij et al. 2017).
One of the most common analytical tools used for studying the trophic ecology of an
organism is bulk stable isotopic analysis (SIA), particularly the stable isotopes 15N and 13C
(Fry 2006). However, sponges present a unique problem for SIA-based studies of their trophic
ecology due to the presence of a diverse microbiome in their tissues and their consumption of
free-living microbes in the plankton (Schmitt et al. 2012, Hentschel et al. 2012, Pita et al. 2018).
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For sponges, the bulk 13C and 5N values become enriched as depth increases into the
mesophotic zone (Slattery et al. 2011, Morrow et al. 2016), indicating a shift in diet from
autotrophic to heterotrophic resources in sponge diets at mesophotic depths. Using compoundspecific isotope analysis of amino acids (CSIA-AA) may provide increased resolution, compared
to bulk SIA, of sponge trophic ecology along environmental gradients. This is important as bulk
SIA represents a mixed signal of host, microbes and the trophic resources they consume.
Because of the unique fractionation patterns of 15N and 13C stable isotopes for different amino
acids (AAs), the 13C composition of essential amino acids (EAAs) can be used to effectively
“fingerprint” the biosynthetic origin of source carbon due to the highly conserved modes of
carbon acquisition in bacteria, algae and fungi (Larsen 2009, 2013, McMahon et al. 2016).
Additionally, the 15N composition of “source” (e.g. phenylalanine) vs “trophic” (e.g. glutamic
acid) AAs are informative for both the estimation of trophic position (TP) and the 15N
composition of AAs at the base of the food web. Source AAs (SAA) undergo minimal to no
fractionation as they are transferred through a food web (Phe = ~ 0.5‰) (Chikaraishi et al.
2009), whereas the 15N of trophic AAs (TAA) becomes enriched by as much as ~7-8‰ per
trophic level (McClelland & Montoya 2002, Chikaraishi et al. 2009, McMahon et al. 2015).
Additionally, V values, a measure of bacterial resynthesis and translocation of organic matter,
has been successfully used on sponge microbe interactions (Shih et al. 2020) to assess the
reliance of sponges on translocated organic material versus feeding from the water column, and
will be applied here using the CSIA-AA data on sponges from shallow to mesophotic depths.
Agelas tubulata, Xestospongia muta and Plakortis angulospiculatus are three common
sponges on coral reefs throughout the Caribbean, and all are considered to be high microbial
abundance (HMA) sponges (Gloeckner et al. 2014). While HMA sponges are known to filter
5

feed upon picoplankton (e.g., Lesser 2006) it is generally accepted that because of their high
microbial densities they efficiently utilize DOM as well (Maldonado et al. 2012). Here we
assess if the percent cover of these three sponge species increases as depth increases into the
mesophotic zone on Little Cayman Island, and use SIA and CSIA-AA to quantify shifts in
trophic resource utilization along a shallow to mesophotic depth gradient. We hypothesize that
sponges will increase in cover with increasing depth and rely upon the increasing concentration
of POM with increasing depth and this will be reflected in both their isotopic signatures and diet
reconstruction modeling. Additionally, variability in the utilization of DOM by the sponge
microbiome with depth will affect the transfer of re-synthesized organic material to the host.

Materials and methods
Target sponge abundance surveys, sample collection and processing
Replicate samples (n = 3) of Agelas tubulata, Xestospongia muta and Plakortis angulospiculatus
were collected using open circuit technical diving at 10, 18, 30, 61 and 91 m at Rock Bottom
Wall, Little Cayman, Cayman Islands (19º 42’7.36” N, 80º 3’24.94” W) in the Spring of 2009.
The abiotic environment (i.e., light, temperature) of this site from shallow to mesophotic depths
is described in Morrow et al. (2016), while from an oceanographic perspective this site is
occasionally impacted by internal waves (Lesser et al. 2009). To quantify sponge cover with
increasing depth the percent cover of the target species was estimated using replicate (n=10) 1
m2 quadrats positioned at random points along transect lines (n=3-9 at each depth) of 20 x 2 m at
each depth. The survey data for P. angulospiculatus presented are from Slattery et al. (2016) and
reanalyzed for this study. At each depth, all sponges were sampled by cutting a “pie-slice” of
sponge tissue from the apical lip of the osculum including both pinacoderm and mesohyl as
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described in Morrow et al. (2016). Samples were transported on ice to the laboratory and
immediately frozen. All samples were transported frozen to the University of New Hampshire
where they were freeze-dried and ground to a powder for stable isotope analyses.

Bulk stable isotope analysis
Bulk stable isotope data for X. muta and P. angulospiculatius were taken from Morrow et al.
(2016), and for Agelas tubulata the data are from Slattery et al. (2011) and reanalyzed here to
compare to the CSIA-AA analyses. Briefly, subsamples from each piece of sponge tissue,
sampled as described above, were sent to the Marine Biological Laboratory (Woods Hole, MA)
for the bulk analysis of particulate C and N, as well as the natural abundance of the stable
isotopes 15N and 13C. Samples were analyzed using a Europa ANCA-SL elemental analyzergas chromatograph attached to a continuous-flow Europa 20-20 gas source stable isotope ratio
mass spectrometer. The carbon isotope results are reported relative to Vienna Pee Dee
Belemnite, nitrogen isotope results are reported relative to atmospheric air, and both are
expressed using the delta () notation in units per mil (‰).

Compound specific isotope analysis of amino acids
Sponge samples were sent to the Isotope Biogeochemistry Laboratory at the University of
Hawai‘i at Mānoa for 15N and 13C analysis of individual amino acids. Both 15N and 13C,
were quantified using gas chromatography/combustion-isotope ratio mass spectrometry (GC/CIRMS) after amino acid extraction and derivatization. Samples were analyzed using either a
Thermo Scientific Delta V Plus or a Thermo Scientific MAT 253 mass spectrometer interfaced
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with a Thermo Finnigan Trace GC gas chromatograph via a Thermo Finnigan GC-C III. The
amino acids measured using this technique were alanine (Ala), glycine (Gly), threonine (Thr),
serine (Ser), valine (Val), leucine (Leu), isoleucine (Iso), proline (Pro), aspartic acid (Asp),
phenylalanine (Phe) and lysine (Lys). The terminal amide groups in glutamine (Gln) and
aspartame (Asn) were cleaved during the chemical isolation of amino acids. This resulted in the
conversion of these amino acids to glutamic acid (Glu) and aspartic acid (Asp), respectively.
Thus, the isotope value of the combined Glu + Gln was measured (termed Glx), and the isotope
value of a combined Asn + Asp was measured (termed Asx). Averaged AA 13C and 15N values
from these analyses can be found in tables S2 and S3.

Statistical analyses
Statistical analyses were conducted using PRIMER (version 7) or JMP (v. 14), and R (version
3.4.3). Differences in percent cover of sponges as a function of depth was assessed with linear
regression. Differences in bulk SIA values between species were assessed using ANOVA, and
differences between SIA values along the depth gradient were assessed using linear regression.
In order to assess relative contributions of common sponge source end members to sponge diet, a
fully Bayesian approach using the SIAR4 program (Parnell et al. 2010) within R was utilized on
bulk SIA 13C and 15N values. The coral DOM source data were taken from van Duyl (2011),
macroalgal DOM and coral reef POM data were taken from van Duyl (2018) as were the trophic
enrichment factors of 0.5 ± 0.5% (SD) for δ13C and 3.0 ± 0.5% (SD) for δ15N and used as
described in Lesser et al. (2020). Separate model runs (500,000 iterations with 50,000 discarded
for burn-in) were conducted for each sponge species. For the effects of depth in the mixing
model both 13C and 15N stable isotope values for Lobophora variegata (Slattery & Lesser
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2014) and Montastraea cavernosa, Montastraea annularis (now Orbicella annularis) and
Agaricia agaricities (Lesser et al. 2010, Muscatine et al. 1989, 1994) were included as averaged
source end members for algal and coral DOM for their respective depths. The end member
sources used, their locations, and justification are available in Appendix 1.
The 13C values of each amino acid in all sponge samples were normalized to the mean
value of all AAs in the sample (13CnorAA = 13CAA (of interest)-mean all AAs in sample) as
described for the multivariate statistics required for the 13C fingerprinting approach described in
Larsen et al. (2013). To assess if CSIA-AA can be used to separate bacterial isotopic values from
sponge isotopic values, a principal component analysis (PCA) and linear discriminant analysis
(LDA) were conducted on 13CnorEAA from the sponges at each depth using source end member
data from Larsen et al. (2013) and McMahon et al. (2016). For the CSIA 13CEAA diet
reconstruction, 5 EAA were used (Thr, Phe, Leu, Iso, Val) and coral reef source data (Red Sea)
for those 5 EAA were taken from McMahon et al. (2016). These represent some of the only
source CSIA data available for coral reefs (see Appendix 1 for justification). Separate model
runs (500,000 iterations with 50,000 discarded for burn-in) were conducted for each sponge
species in SIAR4 (Parnell 2010) using a non-zero trophic discrimination factor of 0.1% ± 0.1%
for the CSIA-AA data (sensu McMahon et al. 2016).
Differences in mean of all 13CAA/EAA and 15NAA/SAA/TAA, TP, and V values between
depths within each species were assessed using linear regression with depth as a continuous
variable (significance level of α=0.05). Differences in mean 13CAA/EAA and 15NAA/SAA/TAA, TP
and V values between species were also assessed using analysis of variance (ANOVA) with
Tukey’s HSD post hoc tests as needed (significance level of α=0.05). Any data not meeting the
assumptions of normality were log-transformed before analyses. The trophic position of sponges
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at each depth was calculated with 15NPhe and 15NGlx using a sponge species-specific enrichment
factor calculated as described in Chikaraishi et al. (2014) using the formula:

TPGlx/Phe = [(15NGlx - 15NPhe + β)/TDF] + 1

where β represents the isotopic difference between δ15NGlu and δ15NPhe in aquatic cyanobacteria
and algae (-3.4 ± 0.9‰). Species-specific discrimination factors (TDF) were calculated by
subtracting the mean 15NSAA from the mean 15NTAA of each sponge, then the mean value of that
calculation from each set of samples was calculated for use as the species-specific discrimination
factor (X. muta = 8.077, P. angulospiculatus = 7.318, A. tubulata = 4.75). The V value was
calculated as outlined in McCarthy et al. (2007) and as described by Shih et al. (2020), using the
average deviation of seven trophic 15NAA values (Ala, Glu, Leu, Iso, Pro, Asx, Glx) for all
samples as follows:

V = 1/n  Abs (XAA)

where X of each trophic AA = (15NAA – AVG 15NAA (Ala, Glu, Leu, Iso, Pro, Asx, Glx)), and n
= the total number of 15NAA used in the calculation.

Results
Sponge environment and survey results
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From Morrow et al. (2016) vertical profiles of PAR for Little Cayman showed that the maximum
surface irradiances were ~ 2400 µmol quanta m-2 s-1, and a KdPAR for the water column that
ranged from 0.056 to 0.057 m-1. Vertical profiles of temperature showed a well-mixed water
column down to ~25 m at Little Cayman with surface temperature ~ 28.5°C at the surface and
~24.5°C at 91 m. For the percent cover of sponges with depth a significant increase was
observed for X. muta (t(28) = 8.60, P = <0.0001), A. tubulata (t(28) = 6.50, P = <0.0001) and P.
angulospiculatus (t(28) = 8.61, P = <0.0001) (Fig. 1) with the largest increase in percent cover
coming at, or after, ~60 m depth for all species.

Figure 1. Percent cover per m2 (mean ± SE) plot of sponges at 10, 18, 30, 61 and 91 m.
Regression analysis for effect of depth were all significant: Plakortis angulospeculatus, y=4.0968 + 0.18922x, R2=0.787 (t(28) = 8.61, P = <0.0001), Agelas tubulata, y=-0.1105 +
0.0054x, R2=0.893 (t(28) = 6.50, P = <0.0001), Xestospongia muta, y=-0.7867 + 0.0305x,
R2=0.831 (t(28) = 8.60, P = <0.0001).
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Bulk stable isotope analyses:
The bulk stable isotopes of the three sponges show species-specific differences but all show a
pattern of enrichment with increasing depth into the mesophotic zone (Fig. 2, Table 1). There
were significant differences between all species in tissue 13C (ANOVA: F = 63.1331, P =
<0.0001, Tukey’s HSD: P=<0.05), and 15N (ANOVA: F = 53.996P = <0.0001, Tukey’s HSD:
P=<0.05). There was also a significant effect observed, using regression analyses of the data in
Table 1, of depth on the bulk tissue 13C (t(10) = 6.39, P = <0.0001) and 15N (t(10) = 3.07, P =
0.012) for X. muta, A. tubulata 13C (t(10) = 4.20, P = 0.001) and 15N (t(10) = 4.21, P = 0.001)
and P. angulospiculatus 13C (t(10) = -3.01, P = 0.007) and 15N (t(10) = -260, P = 0.009).
The diet reconstruction using a Bayesian based mixed modelling with bulk SIA data showed
high variability in the mean contribution of different food sources to the diet of each sponge
species based on 95% confidence intervals of mean contribution to diet (Fig. 3a, Table S1). In X.
muta, algal DOM contributed the majority of the sponge diet at all depths (50-74%), with POM
appearing to reduce its contribution with depth decreasing from 26% at shallow depths to 11% at
mesophotic depths. Conversely, in A. tubulata POM is a significant contributor (11-37%) to its
diet that increases with depth, while for P. angulospiculatus, algal DOM again contributed to the
majority of the sponge diet at all depths (40-74%), but POM increases in its contribution as depth
increases, from 8% in the shallow depths to 16% at mesophotic depths.
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Table 1. Means (±SE) of 13CEAA , 15NSAA, trophic position (TP) and V value data for the
target species and all.
Species

Depth

Xestospongia
muta

10 m

Xestospongia
muta

30 m

Xestospongia
muta

61 m

Xestospongia
muta

91 m

Agelas tubulata

18 m

Agelas tubulata

30 m

Agelas tubulata

61 m

Agelas tubulata

91 m

Plakortis
angulospiculatus

10 m

Plakortis
angulospiculatus

30 m

Plakortis
angulospiculatus

61 m

Plakortis
angulospiculatus

91 m

Bulk
δ13C
19.77
(0.15)
19.07
(0.08)
18.37
(0.23)
17.67
(0.07)
15.93
(0.23)
15.80
(0.13)
15.56
(0.35)
15.00
(0.26)
19.04
(0.14)
18.96
(0.05)
18.76
(0.06)
18.66
(0.19)

TP pheglu
2.03
(0.10)

V value

8.91
(0.95)

1.96
(0.19)

1.77
(0.01)

0.74
(0.09)

8.79
(0.49)

1.85
(0.04)

1.43
(0.03)

-18.89
(0.33)

2.36
(0.29)

9.72
(0.21)

1.86
(0.05)

1.86
(0.01)

4.77
(0.33)

-19.48
(0.47)

1.40
(0.21)

5.96
(0.13)

1.74
(0.05)

0.85
(0.11)

5.03
(0.52)

-18.8
(0.25)

1.7
(0.28)

6.20
(0.35)

1.75
(0.10)

0.82
(0.11)

5.87
(0.12)

-18.92
(0.10)

2.175
(0.21)

6.89
(0.41)

1.90
(0.12)

0.98
(0.12)

6.40
(0.25)

-18.1
(1.16)

1.2
(0.57)

6.43
(0.31)

1.96
(0.19)

0.94
(0.08)

2.41
(0.21)

-19.12
(0.21)

-1.23
(0.59)

5.61
(0.25)

1.66
(0.02)

1.47
(0.07)

2.48
(0.08)

-19.75
(0.14)

0.133
(0.24)

6.69
(0.50)

1.56
(0.02)

1.5 (0.05)

2.62
(0.22)

-18.83
(0.35)

-0.55
(0.33)

6.98
(0.16)

1.40
(0.23)

1.48
(0.08)

2.70
(0.07)

-17.71
(0.16)

-0.175
(0.44)

8.15
(0.08)

1.63
(0.23)

1.79
(0.09)

Bulk
δ15N
3.53
(0.10)

δ13CEAA

δ15NTAA

-19.96
(0.53)

δ15N
SAA
0.11
(0.21)

4.33
(0.09)

-19.41
(0.37)

-0.04
(0.44)

4.07
(0.10)

-19.73
(0.11)

5.13
(0.21)

8.85(0.28)

1.65(0.04)
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Figure 2. Bivariate plot for bulk stable isotope data for 13C and 15N from Xestospongia muta
(Xm), Plakortis angulospiculatus (Plk) and Agelas tubulata (Agt).
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Figure 3. Diet reconstruction of the sponges, using a Bayesian based mixing model, describing
the mean percent contribution of algal DOM, coral DOM and coral reef POM in the diet of
sponges at 10, 18, 30, 61 and 91 m using A) bulk SIA data or B) CSIA-AA data. Agelas tubulata
(Agt), Plakortis angulospiculatus (Plk) and Xestospongia muta (Xm).
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Compound specific isotope analyses of amino acids
The 13CEAA fingerprinting analysis, using the Larsen et al. (2013) 13CEAA training data set,
showed that sponges’ group separately from most other organisms, but by sponge species (Fig.
4). In both analyses, sponges with known symbionts are differentiated from their potential food
sources such as microalgae, fungus, and bacteria, with microalgae grouping closely with
macroalgae. The LDA was used to assess biosynthetic origin of sponge carbon, and the LDA
predicted source end-member groups with 91% accuracy. All sponges are predominantly
classified with bacteria, detritus, microalgae or macroalgae but not POM (plankton collection
using 5 μm mesh net) (Fig. 5).

Figure 4. Fingerprinting method for separating functional groups based on principal component
analysis of CSIA δ13CnorEAA data. Sponge 13CnorEAA values are unique, species-specific and well
separated compared to potential food resources of prokaryotic and eukaryotic origin, as well as
other filter feeding organisms (e.g. mussels).
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To quantify changes in trophic strategy between depths, an ANOVA was used on species and
linear regression was applied to the mean values of all 13CEAA, 15NSAA, 15NTAA, TP and V
measurements between depths for each species (Table 1, Fig. 6). There were no significant
differences in 13CEAA between species (ANOVA: F = 2.2217, P = 0.124). There were significant
differences in 15NSAA (ANOVA: F = 17.1226, P = <0.0001), with P. angulospiculatus
significantly lower than both X. muta and A. tubulata (Tukey’s HSD: P<0.05), and significant
differences in 15NTAA (ANOVA: F = 32.403, P = <0.0001), with X. muta significantly greater
than P. angulospiculatus and A. tubulata (Tukey’s HSD: P=<0.05).
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Figure 5. Linear discriminant analysis plots from CSIA δ13CnorEAA data from A) Agelas tubulata
B) X. muta and C) P. angulospiculatus. Source end member data was taken from the Larsen et
al. (2013) CSIA δ13CnorEAA and from McMahon et al. (2016).
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Significant differences were detected (ANOVA: F = 11.432, P = 0.0002) in TP between species
with P. angulospiculatus significantly lower than A. tubulata and X. muta (Tukey’s HSD:
P=<0.05). There were significant differences between species for V values, with higher values
indicating more microbial repossessing and translocation of organic matter to the host (ANOVA:
F = 69.702, P = <0.0001). Post-hoc comparisons revealed that A. tubulata was significantly
lower than X. muta and P. angulospiculatus (Tukey’s HSD: P=<0.05) (Table 1).
Using regression analysis there was no significant effect of depth on 13CEAA (t(10) = 1.73, P
= 0.114), 15NTAA (t(10) = 1.08, P = 0.305), TP (t(10) = -1.29, P = 0.225) or V value (t(10) =
0.63, P = 0.541) for X. muta, (Table 1). But there was a significant effect of depth on 15NSAA
(t(10) = 4.97, P = <0.0001) (Table 1). For A. tubulata there was no significant effect of depth on
13CEAA (t(10) = 1.51, P = 0.163), 15NSAA (t(10) = -0.18, P = 0.864), 15NTAA (t(10) = 1.38, P =
0.197), TP (t(10) = 1.61, P = 0.138) or V value (t(10) = 0.99, P = 0.3471) (Table 1). For P.
angulospiculatus there was no significant effect of depth on 15NSAA (t(10) = 1.02, P = 0.332) or
TP (t(10) = -0.41, P = 0.689), while there was a significant effect of depth on 13CEAA (t(10) =
3.71, P = 0.004), 15NTAA (t(10) = 5.78, P = 0.001), and V value (t(10) = 2.55, P = 0.0287)
(Table 1).
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Figure 6. Bivariate plot for CSIA δ13CEAA and 15NSAA stable isotope data from Xestospongia
muta (Xm), Plakortis angulospiculatus (Plk) and Agelas tubulata (Agt).

Similar to SIA, the diet reconstruction using a Bayesian based mixing model and 13CEAA
showed high variability in the mean contribution of different food sources to the diet of each
sponge species based on the 95% confidence intervals of the mean of each components
contribution to the diet of sponges using the CSIA-AA data (Fig. 3b, Table S1). However, the
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diet reconstruction using CSIA-AA data does show a greater contribution of POM in the diet of
these sponges. For instance, in X. muta the diet is heavily reliant on POM, a 48-65%
contribution that does not vary significantly with depth. For A. tubulata the CSIA-AA data show
a 31-45% POM contribution that does not vary significantly with depth, and for P.
angulospiculatus the data show a 23-47% POM contribution that does not vary significantly with
depth.

Discussion
The sponge species used for this study show an increase in percent cover from shallow to
mesophotic depths in Little Cayman consistent with sponges from multiple locations in the
Caribbean (Lesser & Slattery 2018), and the Pacific (Slattery & Lesser 2012, Lesser & Slattery
2018). The increase in sponge cover also occurs at the beginning of the lower mesophotic (~60
m) and is consistent with recent observations of global faunal breaks for mesophotic taxa on
coral reefs (Lesser et al. 2018, 2019a). Sponges are more abundant (Fig. 1), grow faster and
have increased scope for growth as depth increases in the Caribbean from shallow to mesophotic
depths (Trussell et al. 2006, Lesser 2006, Slattery & Lesser 2011, 2012, Lesser et al. 2018,
Lesser & Slattery, 2018). This is due to the increase in particulate trophic resources available to
them with increasing depth (Lesser 2006, Slattery & Lesser 2011, Lesser et al. 2018, 2019a,
2020, Lesser & Slattery, 2018). Specifically, particulate nitrogen availability increases with
depth (Lesser et al. 2019) and may play a key role in the patterns of sponge distribution in the
Caribbean mesophotic zone (de Goeij et al. 2017).
The bulk SIA data from the three sponges in this study shows a pattern of species-specific
enrichment as depth increases (Fig. 2). The 13C values reflect the consumption of both
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photoautotrophically produced DOM and photoautotrophic and heterotrophic POM (Table 1,
13C marine picoplankton: -19 to -24‰, DOM: -16 to -23‰) (Fry 2006, Slattery & Lesser 2011,
Hansell 2014, van Duyl et al. 2011, 2018). They also represent fractionation processes, such as
carbon or nitrogen cycling, and photoautotrophy, facilitated by the species-specific microbiomes
of these sponges. The data show that heterotrophy increases with increasing depth as lighter
isotopes are favored during waste excretion leading to enrichment in 15N values at higher
trophic levels (i.e. more of the heavier isotope leads to an increase in 15N values). The increases
in both 13C and 15N suggest an increased reliance on heterotrophic bacterioplankton into the
mesophotic zone (Lesser 2006, Trussell et al. 2006, Slattery & Lesser 2011). Concurrent
decreases in photoautotrophically produced DOM could also drive these increases, as sponges
consume resources proportionally to their availability in the water column (Lesser 2006, Slattery
& Lesser 2015).
While the bulk SIA diet reconstruction (Fig. 3a) shows an increased reliance on POM as
depth increases for A. tubulata and P. angulospiculatus, the dependence on algal DOM is still
significant into the mesophotic zone. Xestospongia muta, surprisingly, shows a decreasing
reliance on POM into the mesophotic zone with a higher percent of algal DOM in its diet which
could reflect an increasing incorporation of photosynthate from its cyanobacterial symbionts
(Morrow et al. 2016). The diet reconstruction also shows that both sponge cells and the
microbiome are utilizing DOM, as sponge cells take up coral DOM preferentially while the
microbiome appears to prefer algal DOM (Rix et al. 2017). Based on this model, the reliance on
algal DOM shows that these sponges rely heavily on their microbial symbionts for DOM
consumption and reprocessing. This diet reconstruction relies on the isotopic signatures of the
end members in the model, and our end member values come largely from the literature but the
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use of these data in our diet reconstructions is justifiable (see Supplemental 1). This is because
Bayesian mixing models, unlike other isotopic mixing models (e.g., linear), includes the
uncertainty of the end member, as well as its geographic variation making the model more
generalizable to the species used in this study across the Caribbean (Layman et al. 2012).
Additionally, using mixing models on sponge diets will always be problematic to some degree
because of the temporal mismatch between a long-lived consumer and short-lived prey and their
respective isotopic turnover rates (Moore and Semmens 2008). The CSIA-AA model (Fig. 3b)
shows that POM is a larger component of the sponge’s diet compared to the results of the bulk
SIA model. The mean contributions seen for X. muta follow a similar pattern as seen in the bulk
model, potentially driven by changes in photosynthate production by cyanobacterial symbionts
with depth. For A. tubulata and P. angulospiculatus, POM contributes to approximately a third
of their overall diet. There is a large amount of variability in the CSIA-AA model outputs (Table
S1). This may be a result of both small sample sizes of sponges and the use of source endmember data collected from shallow reefs in the Red Sea (McMahon et al. 2016) as opposed to
having direct data from the Caribbean. Additionally, the lack of 15NSAA may also obscure smallscale changes between depths in this model. With the lack of CSIA-AA data in general for
Caribbean source-end members, it must be noted that these multivariate and Bayesian mixing
models have increased variability as a result of the use of data from different locations and time
scales, but are based on the best available data at the time of the study. Increased sampling of
13CEAA and 15NSAA from Caribbean source end members will be important in increasing overall
accuracy in these analyses.
Additional analyses of the CSIA-AA data, using the 13CnorEAA fingerprinting method based
on the Larsen et al. (2013) training dataset and data from McMahon et al. (2016), reveals that
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sponge 13CnorEAA values are both unique to sponges and species-specific when compared to the
13CnorEAA of a wide range of both prokaryotic and eukaryotic organisms (Fig 4). Sponges were
unambiguously separated from their principal planktonic food sources such as cyanobacteria and
free-living bacteria (Fig. 4). This was possible despite the fact that sponges host a microbiome
consisting of these groups in their tissues. This suggests fundamental differences in the microbial
communities of sponges versus the bacterioplankton of the surrounding seawater that can be
distinguished using CSIA-AA. For instance, there are multiple aerobic or anaerobic
microenvironments within a sponge (Hoffmann et al. 2005, Taylor et al. 2007, Fiore et al. 2010)
that are linked to the metabolic diversity found in sponge microbiomes (Hentschel et al. 2012,
Fiore et al. 2015, Slaby et al. 2017, Pita et al. 2018) a wide range of 13CnorEAA values from these
metabolic pathways could be contributing to the observed ability to discriminate between the
sponge microbiome and the ambient bacterioplankton communities.
An LDA (Fig. 5) of 13CnorEAA was also used to assess which source end-member a sponge
sample classified most closely with. All sponges classify between bacteria, detritus and
macroalgae (a proxy for DOM), indicating a reliance on a mixed diet of POM and DOM at all
depths. The LDA shows species specific patterns which are likely a result of the species-specific
microbiomes utilization of DOM and in the case of X. muta, a loss of cyanobacterial
photosynthate due to reductions in cyanobacterial symbionts with depth (Morrow et al. 2016).
The DOM consumed by sponges could be used for microbial production of essential amino
acids, as essential amino acids are derived from microbial, algal or plant organic material and
cannot be synthesized de novo in animals (Larsen et al. 2009, 2013, McMahon et al. 2016). The
microbiome may then translocate (sensu Fiore et al. 2015) specific nutrients to the host (Shih et
al. 2020) or be consumed directly through phagocytosis (sensu Leys et al. 2017) to be used for
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sponge growth. It is evident that DOM is an important component of the diets of these sponges
but as the LDA classifies the most likely source for each sponge sample, it may not detect finer
scale patterns such as changes in the quantity of particular source-end member (i.e. an increase in
lower C:N ratio bacterioplankton available as depth increases).
To examine fine scale changes in diet, the mean 13CEAA, 15NSAA, 15NTAA, V and TP
values between depths for each species, as well as CSIA-AA diet reconstructions, have the
potential to provide valuable information into the overall diet of an organism and the metabolic
processes of a host and its microbiome at each depth (McCarthy et al. 2007, Larsen et al. 2013,
Vokshoori et al. 2014, McMahon et al. 2016). The mean 13CEAA of these sponges reflect a diet
of both picoplankton and DOM (Fig. 6, Table 1), but the species-specific patterns observed in the
bulk data (Fig. 2) were not observed. These sponges appear to be feeding in the same trophic
niche at each depth based on the diet reconstructions using 13CEAA. This suggests that selective
feeding is not occurring here, but instead non-selective filtering and utilization of the DOM and
POM resources, based on their availability, occurs at all depths. Since available resources change
with depth, such as increased heterotrophic bacterioplankton in the mesophotic zone (Lesser
2006, Lesser et al. 2018, 2019), it is highly probable that the patterns of enrichments in
mesophotic sponge 13CEAA are driven by this change in food availability. The enrichments in
13CEAA do not appear to be driven by depth related changes in the community structure in the
microbiome of these sponges, as A. tubulata shows no significant change in microbiome
community structure along the depth gradient (Olson & Gao 2013, Macartney & Lesser,
unpublished). The 13CEAA, however, does follow a similar pattern with depth in X. muta and P.
angulospiculatus where significant changes in their microbiome communities from shallow to
mesophotic depths were observed (Olson & Gao 2013, Morrow et al. 2016, Macartney & Lesser,
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unpublished). Given that sponge species that do, and do not, exhibit changes in their microbiome
communities still show a pattern of enrichment in 13CEAA with depth, a functional analysis (i.e.,
isotope tracer studies) would be needed to fully resolve the role of the microbiome on 13CEAA
values. Recently, however, Shih et al. (2020) showed that the 13CEAA and 15NSAA of host and
symbiont cells in the sponge, Mycale grandis are not significantly different, and that their high
V values, a measure of bacterial re-synthesis and translocation of organic material (i.e., amino
acids), indicated that these sponges obtained a significant amount of their nutrition directly from
their symbionts.
All three of the sponge species examined show a isotopic depletion (i.e. more of the lighter
isotope and therefore a decrease in the 15N value) in their 15NSAA values which indicates that
all sponges are consuming resources produced by diazotrophs during nitrogen fixation (-2 to
2‰) (Fig. 6, Table 1, Table S3). While the potential for nitrogen fixation has been reported in
sponges previously (Mohammed et al. 2008, Fiore et al. 2013), sponge tissues appear well
oxygenated during pumping (Schlappy et al. 2010, Fiore et al. 2013, Leys et al. 2017) which
would normally inhibit nitrogen fixation as the enzyme nitrogenase is sensitive to oxygen (Fiore
et al. 2010). A more parsimonious explanation for this isotopically depleted signal would be
consumption of isotopically light picoplankton and DOM, which are present at all depths, but
decreases in abundance with depth (Lesser 2006). Sponges are known to consume unicellular
picoplankton such as Crocosphaera sp. and Cyanothece sp. that fix nitrogen (Bauercachs et al.
2009), which would also influence the depleted value observed here. Populations of unicellular
cyanobacteria decrease, while Prochlorococcus and heterotrophic prokaryotes increase into the
mesophotic (Lesser 2006, Lesser et al. 2019a). Prochlorococcus, and most marine species of
Synechoccocus, are not known to fix nitrogen and their 15N value likely reflects the 15N
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isotopic values of DIN in the water column (~3 to 6‰) (Slattery & Lesser 2011, Ren et al.
2012). However, anoxic compartments do occur in sponge tissues, so a combined effect of
microbiome-associated nitrogen fixation and feeding on isotopically lighter picoplankton cannot
be ruled out. Interestingly, the 15NSAA of P. angulospiculatus and A. tubulata do not undergo
significant increases with depth indicating that increases in the bulk 15N may be a result of
microbial transformations or changes in trophic resources stable isotope composition instead of
increased consumption of heterotrophic bacteria. This is contrary to multiple feeding studies
(Lesser 2006, Trussell 2006), but it is clear that POM as a resource increases with depth (Chapter
2, Lesser 2006, Trussell et al. 2006, Lesser et al. 2020), so while these sponges CSIA-AA results
may not reflect increased heterotrophic picoplankton and thus increased diet quality, they are still
likely feeding on increased quantities of POM as depth increases. The observed 15NTAA values
from all sponges show evidence of isotopic enrichment consistent with one trophic level
fractionation (Hannides et al. 2009, Chickariashi et al. 2009, 2014), validating that sponges
consume both picoplankton and DOM. The increased values of 15NTAA values along the depth
gradient observed in P. angulospiculatus and X. muta (Table 1) also indicate that there is
increased trophic enrichment as depth increases, and a decrease in the consumption of
photoautotrophically derived nutrients.
The V value of a sponge sample can be used as a proxy for the microbial resynthesis of
amino acids within the sponge (McCarthy et al. 2007, Shih et al. 2020). The microbiomes of
sponges and sponge cells are known to consume DOM as it is pumped through the host sponge
(Rix et al. 2017). The byproducts of metabolizing DOM or photosynthesis by the microbiome are
known to be translocated to host cells or through direct symbiont consumption via phagocytosis
in the mesohyl (Wilkinson 1979, Taylor et al. 2007, Fiore et al. 2015, Leys et al. 2017, Pita et al.
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2018). The V values for all sponges in this study are below 2 which is similar to values seen in
zooplankton (McCarthy et al. 2007, Shih et al. 2020) (Table 1). This indicates that while DOM
re-synthesis by the microbiome and subsequent transfer to the host is occurring in these sponges,
the sponge host is still obtaining food from heterotrophic feeding on picoplankton. The higher
V values in X. muta and P. angulospiculatus compared to A. tubulata (Table 1) suggests that
they rely more on microbial reprocessing of DOM for nutrients at all depths, as seen in X. muta’s
symbiosis with cyanobacteria (Morrow et al. 2016). In particular, the significant increase in P.
angulospiculatus V values with depth suggests that this sponge relies more on their microbial
symbionts with depth for DOM consumption and reprocessing relative to shallow conspecifics
and may be more dependent on DOM compared to the other sponges in this study. This also
appears to be reflected in its TP values which are lower compared to the other sponges.
Additionally, their microbiomes may play a larger role in processing waste products that the
sponge produces from heterotrophic feeding, such as ammonia. Many sponges are known to
have ammonia oxidizing bacteria present in their mesohyl and genomic evidence shows waste
uptake in several common sponge symbionts (Hentschel et al. 2012, Pita et al. 2018). This study
did not separate microbial symbionts from sponge tissues, however, data from Shih et al. (2020)
showed no significant difference in CSIA-AA isotopic composition between sponge tissues and
its microbiome. The TP values of the sponges’ in this study range between 1-2 (Table 1),
indicating that they are primary consumers on Caribbean coral reefs (Hannides et al. 2009,
Mompean et al. 2015, Landry et al. 2017) that utilize both POM and DOM. Taken together, the
V and TP values provide evidence of consumption of POM and DOM by the host at all depths.
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Conclusions
Based on the bulk SIA data from this study, mesophotic sponges have increased reliance on
POM consumption based on the enrichment patterns of 13C and 15N. However, these patterns
also suggest that these sponges may have varying trophic strategies (i.e. feeding on different
source end members) or that their microbiomes influence the results. The CSIA-AA data shows
that these sponges feed in the same trophic niche at each depth, consuming DOM and POM in
proportion to its availability at all depths but with varying contributions of nutrition from their
microbiomes through microbial reprocessing of DOM. Consumption of DOM is crucial for
sponge nutrition but the increased quality of POM (i.e. low C:N ratio bacterioplankton) and
increased quantity of that diet at depth appears to drive the increase in sponge growth rates.
However, the species-specific CSIA-AA results indicate that it is potentially the increased
quantity but not quality that is more important for sponges here. While the enrichments in mean
13CEAA and 15NSAA are lower as depth increases compared to bulk data, this is to be expected
due to the lack of fractionation processes and low sampling sizes in this study (Larsen et al.
2009, 2013). The V values from these sponges show that these sponges utilize resynthesized
amino acids from their microbiome to varying degrees but also that these sponges rely on both
DOM and POM for their carbon and nitrogen budgets at all depths assessed here. This study
provides comprehensive evidence that CSIA-AA has the potential to increase our understanding
of Caribbean mesophotic coral reef trophic ecology and sets a baseline that can be expanded
upon with additional studies of sponge microbiome community structure, increased source-end
member sampling, and in-situ feeding measurements of sponges in the mesophotic zone.
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Table 2 (S1). Contributions of most likely coral reef source end members to sponge diet using
both a bulk SIA and CSIA-AA approach. Bayesian means (± SD) of source contributions (%) to
sponge diets based on SIAR4.
Species

Depth

Data
Type

Macroalgae

Coral

Xestospongia.
muta
Xestospongia.
muta
Xestospongia.
muta
Xestospongia.
muta
Agelas tubulata

10 m

59 (36)

15 (19)

49 (34)

32 (28)

74 (25)

18 (24)

63 (31)

26 (32)

41 (23)

48 (23)

Agelas tubulata

30 m

36 (29)

45 (32)

Agelas tubulata

61 m

39 (27)

32 (37)

Agelas tubulata

91 m

30 (13)

33 (14)

Plakortis
angulospiculatus
Plakortis
angulospiculatus
Plakortis
angulospiculatus
Plakortis
angulospiculatus

10 m

Bulk
SIA
Bulk
SIA
Bulk
SIA
Bulk
SIA
Bulk
SIA
Bulk
SIA
Bulk
SIA
Bulk
SIA
Bulk
SIA
Bulk
SIA
Bulk
SIA
Bulk
SIA

65 (35)

27 (25)

39 (39)

23 (29)

73 (40)

14 (26)

62 (34)

22 (27)

30 m
61 m
91 m
18 m

30 m
61 m
91 m

Coral
Reef
POM
26
(27)
19
(21)
8 (11)

Data
Type

Macroalgae

Coral

CSIA

17 (18)

CSIA

24 (22)

CSIA

33 (22)

11
(13)
11
(11)
19
(16)
29
(19)
37
(11)
8 (14)

CSIA

27 (25)

CSIA

30 (25)

CSIA

29 (24)

CSIA

27 (28)

CSIA

37 (27)

CSIA

22 (21)

37
(45)
13
(23)
16
(21)

CSIA

32 (27)

CSIA

30 (25)

CSIA

63 (21)

18
(21)
22
(24)
18
(20)
20
(19)
25
(22)
40
(23)
35
(24)
24
(21)
41
(19)
23
(20)
22
(19)
13
(15)

Coral
Reef
POM
65 (28)
53 (28)
48 (23)
53 (24)
45 (26)
31 (19)
38 (22)
38 (23)
37 (15)
44 (23)
47 (21)
23 (19)
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Table 3 (S2). Averaged δ13C CSIA-AA values (± SE) for the target sponge species along the
depth gradient.
Species

Depth

Ala

Gly

Thr

Val

Leu

Iso

Xestospongia
muta

10 m

-15.2
(1)

-10.8
(1)

-13.73
(0.26)

Ser

-22.73
(0.56)

-23.06
(0.78)

-18.6
(0.2)

Xestospongia
muta

30 m

-15.3
(0.85)

-10.66
(1.12)

-14.6
(0.36)

-22.43
(0.23)

-21.96
(0.85)

-18.83
(0.2)

Xestospongia
muta

61 m

-15.93
(0.21)

-11.23
(0.72)

-15.6
(0.75)

-22.33
(0.13)

-22.06
(0.06)

-18.5
(0.11)

Xestospongia
muta

91 m

-14.8
(0.16)

-9.7
(0.87)

-13.7
(0.7)

-21.7
(0.48)

-21.4
(0.17)

-17.6
(0.25)

Agelas tubulata

18 m

-17.56
(0.54)

-20.26
(1.19)

-20.93
(0.84)

-13.43
(0.55)

-20.7
(1.26)

-20.23
(1.57)

-17.66
(1.38)

Agelas tubulata

30 m

-15.96
(0.08)

-18.1
(0.15)

-19.8
(0.2)

-10.3
(0.51)

-20.56
(0.21)

-19.86
(0.33)

-17.43
(0.54)

Agelas tubulata

61 m

-15.46
(0.47)

-16.73
(0.46)

-19.8
(0.51)

-10.6
(1.3)

-20.93
(0.06)

-20.43
(0.08)

-17.13
(0.28)

Agelas tubulata

91 m

-14.86
(1.61)

-15.33
(2.33)

-16.43
(1.59)

-8.8
(1.27)

-19.9
(1.73)

-21.03
(1.91)

-16.16
(1.23)

Plakortis
angulospiculatus

10 m

-16.73
(0.63)

-9.3
(0.62)

-18.43
(1.03)

-0.4
(1.3)

-20.76
(0.28)

-20.13
(0.34)

-18.5
(0.36)

Plakortis
angulospiculatus

30 m

-17.36
(0.21)

-11.93
(0.52)

-19.36
(0.16)

-3.43
(0.44)

-22.13
(0.68)

-21.06
(0.28)

-18.8
(0.2)

Plakortis
angulospiculatus

61 m

-14.13
(1.08)

-7.53
(1.25)

-17.73
(0.87)

-6.5
(0.85)

-20.3
(0.66)

-20.83
(0.32)

-16.46
(0.06)

Plakortis
angulospiculatus

91 m

-11.33
(1.41)

-5.13
(0.73)

-16.66
(0.49)

-5.5
(0.2)

-17.36
(0.18)

-20.56
(0.73)

-14.13
(0.42)

Pro

Asx

Glx

Phe

Lys

13.03
(1.36)
11.73
(0.8)
12.76
(0.37)
12.96
(0.28)
15.73
(1.3)
12.63
(0.08)
12.33
(0.48)
14.26
(1.47)
-12.1
(0.11)

24.13
(0.71)
22.46
(0.73)
22.43
(0.31)
-22
(0.19)

-17.5
(0.72)

16.46
(0.49)
14.63
(0.12)
-14.4
(0.25)

13.43
(1.04)
12.96
(0.35)
14.53
(0.51)
14.63
(0.26)
17.06
(0.61)
14.56
(0.12)
-14.4
(0.25)

14.56
(0.89)
-15.9
(0.15)
15.66
(0.29)
-14.5
(0.4)
13.86
(0.12)

14.26
(0.97)
14.23
(0.37)
14.23
(0.23)
-13.5
(1.02)
-11.3
(0.15)

-11.7
(0.32)
10.16
(0.75)
-9.3
(0.32)

21.83
(1.03)
20.16
(0.4)
-20.8
(0.4)
-20.7
(0.87)
20.46
(0.2)
21.56
(0.2)
-21.3
(0.15)
-21
(0.15)

-16.2
(0.2)
17.46
(0.31)
18.13
(0.24)
15.56
(1.11)
14.96
(0.26)
14.43
(0.37)
14.36
(0.77)
16.43
(0.34)
15.56
(0.32)
16.36
(0.49)
16.56
(0.52)
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Table 4 (S3). Averaged δ15N CSIA-AA values (± SE) for the target sponge species along the
depth gradient.
Species

Depth

Ala

Gly

Thr

Ser

Val

Leu

Iso

Pro

Asx

Glx

Phe

Lys

Xestospongia
muta

10 m

10.63
(2.16)

-1.86
(1.46)

10.4
(5.06)

8.4
(7.5)

9.93
(10.06)

-1.7
(1.76)

0.29
(0.12)

0.36
(0.48)

0.11
(0.37)

0.7
(0.05)

0.39
(0.39)

0.45
(0.03)

Xestospongia
muta

30 m

11.2
(3.36)

-1.6
(2.46)

10.9
(5.1)

8.1
(7.46)

9.73
(9.93)

-1.26
(1.1)

0.97
(0.74)

0.1
(0.49)

1.26
(0.95)

1.53
(0.43)

0.8
(0.82)

0.76
(0.1)

Xestospongia
muta

61 m

9.86
(2.53)

-1.7
(2.3)

11.06
(5.33)

8.36
(7.5)

9.53
(9.86)

-0.43
(1.9)

0.53
(0.42)

1.4
(0.23)

1.23
(0.6)

0.73
(0.51)

0.35
(0.18)

0.16
(0.1)

Xestospongia
muta

91 m

11
(4.53)

-0.63
(3.63)

10.65
(5.63)

8.85
(8.96)

10.8
(12.3)

1.9
(2.83)

0.16
(1.04)

0.86
(0.37)

0.36
(0.67)

0.28
(0.29)

0.28
(0.43)

0.1
(0.21)

Agelas tubulata

18 m

6.16
(2.83)

-6.76
(3.13)

9.2
(3.9)

5.46
(4.7)

5.56
(6.73)

-0.2
(0.13)

0.61
(0.14)

0.12
(0.31)

0.3
(0.2)

0.43
(0.05)

0.13
(0.17)

0.4
(0.12)

Agelas tubulata

30 m

6.36
(3.4)

-7.03
(3.4)

9.33
(4.16)

5.23
(5.26)

6.13
(6.93)

-0.03
(0.03)

0.29
(0.25)

0.63
(0.83)

0.56
(0.61)

0.66
(0.14)

0.26
(0.43)

0.43
(0.12)

Agelas tubulata

61 m

7.2
(3.66)

-6.06
(4.7)

10
(4.6)

5.9
(5.73)

6.93
(7.9)

0.2
(0.13)

0.11
(0.18)

0.29
(0.83)

0.77
(0.37)

0.8
(0.29)

0.38
(0.55)

0.1
(0.37)

Agelas tubulata

91 m

6.63
(3.2)

-5.96
(2.63)

9.6
(4.63)

5.43
(5.13)

6.23
(7.4)

-0.6
(0.43)

1.08
(0.4)

0.17
(0.92)

0.25
(0.38)

0.31
(0.18)

0.14
(0.3)

1.1
(0.73)

Plakortis
angulospiculatus

10 m

8.03
(0.36)

-4.73
(0.63)

7.3
(3.4)

6.43
(3.2)

5.96
(5)

-3.23
(1.43)

0.84
(0.73)

0.24
(0.48)

0.55
(0.26)

0.08
(0.37)

0.23
(0.55)

0.61
(0.58)

Plakortis
angulospiculatus

30 m

9.8
(1.8)

-2.6
(0.53)

7.26
(3.93)

6.96
(4.73)

7.2
(6.93)

-0.63
(0.1)

0.83
(0.37)

0.15
(0.28)

0.86
(0.47)

0.65
(0.29)

0.34
(0.26)

0.33
(0.1)

Plakortis
angulospiculatus

61 m

9.26
(0.63)

-2.93
(2)

8.63
(4.43)

8.1
(5.16)

7.23
(6.06)

-0.26
(0.56)

0.8
(0.43)

0.21
(0.2)

0.43
(0.32)

0.2
(0.14)

0.24
(0.14)

1.09
(0.37)

Plakortis
angulospiculatus

91 m

10.83
(2.53)

-4.16
(1.03)

10.6
(6.06)

9.93
(5.2)

7.83
(6.6)

-1.46
(0.73)

0.27
(0.74)

0.68
(0.16)

0.35
(0.29)

0.41
(0.25)

0.12
(0.15)

0.83
(0.29)
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Supplemental Information on Compound Specific Isotopic Analysis of Amino Acids (CSIAAA)
In CSIA-AA both δ15N (trophic versus source amino acids) and δ13C (essential versus nonessential amino acids) values can be used effectively to unravel trophic sources and metabolic
processes with better resolution than bulk tissue isotope analysis because the confounding
influence of trophic fractionation is largely absent. In particular, interpreting the trophic position
from the δ15N values of bulk tissues is complicated by the fact that these values are a
consequence of two variables; variation in δ15N values of N available to primary producers and
the mean number of steps the consumer is removed from feeding on those primary producers
(Vander Zanden and Rasmussen 2001, Martínez del Rio et al. 2009). CSIA-AA avoids these
shortcomings of bulk tissue analyses. In CSIA-AA the “source” amino acids (e.g.,
phenylalanine) of consumer tissues largely retain the δ15N values of the N sources at the base of
the food web, whereas “trophic” amino acids (e.g., glutamic acid) become 15N enriched by
approximately 7-8‰ per trophic level (McClelland and Montoya 2002, Chikaraishi et al. 2009).
A key advantage of CSIA-AA is that consumer tissue alone is sufficient to obtain integrated
information on the δ15N values of the base of the food web as well as trophic position. Algae,
bacteria and fungi have highly conserved modes of carbon acquisition and amino acid
biosynthesis that produce unique, and specific, patterns of essential amino acid carbon isotopic
fractionation (Keil and Fogel 2001, Ziegler and Fogel 2003) that can be used to “fingerprint”
their biosynthetic origin (Scott et al. 2006, Larsen et al. 2009, 2012, 2013). This “fingerprinting”
approach (see McMahon et al. 2016 for use in tracing carbon through a coral reef food web), and
the isotopic fingerprints of different essential amino acid carbon source end members are
faithfully maintained through a food web. Thus, carbon and nitrogen CSIA-AA can resolve
between heterotrophic and photoautotrophic sources of DOC/DON and POC/PON (McCarthy et
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al. 2004) in sponges and results in a significant increase in the power to resolve autotrophy from
heterotrophy and trophic position over environmental gradients compared to bulk isotope
analyses.

Justification for Assumptions Made in the SIAR4 Models
The Bayesian mixed modelling of the relative contributions of trophic resources to sponge diets
was dependent on several assumptions due to a lack of onsite source end-member data. One such
assumption was the use of isotopic values of end members from studies undertaken at different
locations than our study site, Little Cayman. While we essentially agree that using isotopic
measurements of source end members from the same location would be ideal, we are confident
that using the isotopic values from the same species, but from different locations, a priori does
not change the bulk SIA outputs of the mixing model in this study. For DOM we used the source
SI data on macrophytes and corals from Curacao, Saba Bank, Belize and the Bahamas. As an
example, if you take the following 13C and 15N data (mean ± SD) for the macroalgae below as
individual runs into the SIAR model;

Dictyota spp. from van Duyl 2018; -16.60‰ (1.17) and 0.47‰ (0.60) Curacao
Lobophora variegata from van Duyl 2018; -14.23‰ (2.10) and 1.12‰ (0.93) Curacao
Sargassum spp. from van Duyl 2018; -16.31‰ (2.36) and 1.31‰ (1.32) Curacao
Lobophora variegata from Lesser and Slattery 2014; -18.7‰ (1.39) and 0.77‰ (0.05) Bahamas
Dictyota spp. from Carreón-Palau et al 2013; -14.0‰ (2.7) and -0.09‰ (0.68) Belize
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The model output of the percentage contribution by algal DOM to sponge diets is statistically
indistinguishable using any of these sources. Therefore, the SIA values that are typical for
brown macrophyte sources of DOM in the Caribbean do not have sufficient inherent variability
to have affected the interpretation of how much DOM was in the diet of the sponges under study
and presented in the manuscript.
For coral DOM (i.e., mucous) the values from van Duyl et al. (2011, Table 2) were used
and consisted of four species of coral common throughout the Caribbean. Again, similar to the
algal DOM sources discussed above the variability between coral species and locations does not
introduce sufficient variation that significantly changes the model outputs for the proportion of
coral DOM in the diet of sponges. The isotopic signature of 13C for particulate organic material
(POM) ranges from -14‰ to-25‰ and for 15N it is 3–6‰ from multiple locations in Florida
and the Caribbean basin (Land et al. 1975, Owens 1987, Peterson and Fry 1987, Lamb and Swart
2008, Maier et al., 2010, Freeman and Thacker 2011, van Duyl et al. 2011). Our POM values
(mean ± SD) of -24.91‰ (1.77) for 13C and 4.33‰ (1.24) for 15N used in the SIAR model
come from van Duyl et al. (2018). These values are also consistent with a large dataset compiled
by Briand et al. (2015) from New Caledonia. Again, the site to site variability overlaps and do
not produce results in the model output that are statistically different from the outputs using the
van Duyl et al. (2018) POM source data. Given this, the use of these DOM and POM sources in
the SIAR model provide a more than reasonable database for assessing the percentage
contribution of these sources in the diet of sponges. For the CSIA-AA mixed model, there is very
little coral reef source-end member data available for CSIA-AA, so this model is based on the
best available data. We have made this clear in the manuscript and have included it to illustrate
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the potential uses this technique has in understanding sponge trophic ecology. Lastly, this same
approach using bulk SIA data was recently published (Lesser et al. 2020)
A second assumption is that the variation of source end-member values may change with
depth, as fractionation may be affected by the changing abiotic factors (i.e. irradiance) along the
same depth gradient. We did not find that there is sufficient variability associated with changing
depth (i.e., irradiances) that could affect the model outputs. The end-member values used in the
model were similar to those discussed above from van Duyl et al. (2018) and Briand et al (2015).
Larger fractionations in 13C and 15N can occur beyond ~200m in POM, as observed in Benner
et al. (1997) and Eadie & Jeffery (1973) but between 0-100 m the 13C and 15N values in
Caribbean POM are not significantly different. For coral derived DOM values Reynaud et al.
(2002) found no effect of irradiance on 15N values of zooxanthellae or host tissues such that the
DOM signal for 15N would not be affected by depth. Similarly, Lesser et al. (2010) found no
significant effect of depth on the 15N of M. cavernosa for tissue or zooxanthellae, and those
15N values were similar to the values for mucous in van Duyl et al. (2011). So, it is unlikely that
depth would affect the 15N signature of DOM from corals. For carbon isotopic signatures
Lesser et al. (2010) did see a decrease in 13C tissue signatures with increasing depth as did
Alamaru et al. (2009) for corals from the Red Sea. The range from shallow (3 m) to mesophotic
(91 m) was -12.6‰ to -19.3‰ (15N was invariant with depth as discussed above). Similarly, we
have 15N and 13C data for Lobophora from the Bahamas (Slattery and Lesser 2014) and both
the 13C and 15N values are invariant across the shallow to mesophotic depth range and were
incorporated into the model at their respective depths. We also incorporated source values for
Montastraea cavernosa, M. annularis (now known as Orbicella annularis) and Agaricia
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agaricites from Muscatine et al. (1989, 1994) along a depth gradient to the source pool from
their respective depths.
The third assumption made for the Bayesian mixed modelling was the disentangling of
sponge tissue 15N and 13C values from symbiont 15N and 13C values. Despite suggestions
that one cannot determine sponge diets without separating host tissues from their microbial
symbionts bulk tissue analyses of sponges do, in fact, reveal many aspects of a sponge’s diet
(e.g., Weisz 2007). In this manuscript we recognize this important fact in the introduction and
why CSIA-AA may be more informative. We also know that for dissolved inorganic C and N,
and most organic sources as well, the primary uptake in sponges is facilitated by symbiotic
microbes followed by translocation to the host (Fiore et al. 2013). For many, but not all, sponges
this results in little, or no, differences in 13C between host and microbes because of the small
amount of fractionation (0.5 to 1.0 per mil) for C isotopes (see Freeman and Thacker 2011).
Recently, but using CSIA-AA isotope signatures (Shih et al. 2019), it has been shown that
sponge host and bacterial isotopic signatures are not different from each other suggesting that the
sponge microbiome is reworking organic matter taken into the holobiont and passing amino
acids directly to the sponge host.
Given that there are small differences in the isotopic signature between the host and
symbionts for some species of sponge, and large differences between many species as well as
changes with depth (Fig. 2) we believe that the issue of host versus microbiome isotopic
signatures does not confound the ecological interpretation of our results at this time. This is
especially the case since here in this manuscript we are arguing for the greater utility of CSIAAA analyses. We agree that the separation of host from symbiont cells is important when trying
to understand the kinetics of uptake for various substrates, but not a prerequisite for
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understanding the trophic ecology of sponges in the field. Lastly, we specifically say that one of
the stated reasons for taking the CSIA-AA approach is to address whether the technique can
disentangle the host versus bacterial isotopic signatures without physically separating those
components (see M+M Statistical Analyses) and see the fingerprinting data which show that
sponges can be distinguished from the bacterioplankton (heterotrophic bacteria and microalgae)
due to their unique signature from CSIA-AA. Lastly, changes in host isotopic signatures occur
in the absence of changes in the microbiome strongly suggesting an important role for the sponge
host in its diet.

Source Data for Bulk SIA and CSIA SIAR4 Models
The values below represent the pooled and averaged bulk SIA values from multiple depth
dependent sources to address the potential variation in source end member 15N and 13C values
due to depth and location. Models for each depth were completed in separate runs of 500,000
iterations with 50,000 discarded for burn-in. Coral DOM consists of Montastraea cavernosa, M.
annularis (now known as Orbicella annularis) and Agaricia agaricites from Muscatine et al.
(1989, 1994) van Duyl et al. (2011) and Lesser et al. (2010). Algal DOM consists of Lobophora
variegata and Dictyota spp. from van Duyl et al. (2018) and Slattery & Lesser (2014). POM data
was taken from van Duyl et al. (2018).
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Species

Depth

Mean 13c

SD

Mean 15n

SD

Coral DOM

10-18m

-14.23

0.98

2.22

0.80

Coral DOM

30m

-16.74

2.07

1.35

0.95

Coral DOM

61m

-18.92

2.53

2.51

0.95

Coral DOM

91m

-18.96

2.61

2.51

0.95

Algal DOM

10-18m

-18.70

1.36

0.77

0.29

Algal DOM

30m

-17.53

0.81

0.70

0.01

Algal DOM

61m

-18.64

0.78

0.93

0.38

Algal DOM

91m

-18.64

0.78

0.93

0.38

POM

10-18m

-24.91

1.77

4.33

1.24

POM

30m

-24.91

1.77

4.33

1.24

POM

61m

-24.91

1.77

4.33

1.24

POM

91m

-24.91

1.77

4.33

1.24

The values below represent the source end members used for the CSIA diet reconstruction.
Source end-member values 13CEAA for coral, macroalgae and POM were taken from Red Sea
oceanic coral reef values provided in McMahon et al. (2016) supplemental documents. These
represent some of the only available coral reef source end members available at the time of
publication and are thus used to illustrate the utility of CSIA-AA data in diet reconstructions.

Source

Thr

Thr

Iso

Iso SD

Val

Val SD

Phe

Phe SD

Leu

Leu SD

SD
POM

-10.4

1

-16.6

0.8

-20.5

1.3

-24.1

0.5

-25.3

0.3

Algal DOM

-9.6

1

-14.5

1

-16.5

1

-19.2

1.7

-19.4

0.9

Coral

-5.5

1.3

-12.2

0.9

-22.1

1.2

-18

0.4

-22.1

0.8

DOM
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Abstract
On Caribbean coral reefs, sponges are important members of the benthic community and play
multiple roles in ecosystem structure and function. They have a particularly important role in
benthic pelagic coupling on coral reefs, consuming particulate organic matter (POM) and
dissolved organic matter (DOM) and in turn providing food in the form of sponge biomass or he
release of detritus for a variety of coral reef organisms. Throughout the Caribbean sponges show
consistent increases in their abundance and growth rates as depth increases into the mesophotic
zone (30-150 m). This has been hypothesized to be driven by bottom-up forces, particularly the
increased supply of nitrogen rich POM in mesophotic coral reef ecosystems (MCEs). In chapter
1 we observed that sponges increased in percent cover in MCEs and that increased consumption
of POM as depth increases supports the increased biomass of sponges. Here we tested if the
emergent sponge Agelas tubulata exhibits increased growth rates on MCEs relative to shallow
reefs at Grand Cayman Island and if it is driven by bottom-up forcing. We observed increased
growth rates in mesophotic A. tubulata compared to shallow conspecifics despite variability in
feeding on both POM and DOM. Mesophotic sponges, however, were consistently exposed to
greater amounts of POM, which was seasonally variable unlike DOM. Despite the variability in
the feeding, both the stable isotopic signatures and mixing models of diet composition support
the growth results. These observations are consistent with the hypothesis that mesophotic
sponges have higher growth rates due to increased POM availability and consumption over time.
These sponges also appear to be important sources of inorganic nutrients such as NOx and NH4 at
both shallow and mesophotic depths, while mesophotic A. tubulata were sources and shallow A.
tubulata were sinks of PO4.
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Introduction
One of the dominant members of the benthic fauna on Caribbean coral reefs are sponges, which
increase in abundance and biodiversity with increasing depth from shallow to mesophotic depths
(10-150 m) (Trussell et al. 2006; Lesser et al. 2009, 2018, 2019 a; Lesser and Slattery 2013,
2018). Sponges have multiple functional roles on coral reefs such as providing food and habitat
for many ecologically and economically important coral reef species (Diaz and Rützler 2001;
Bell 2008), reef stabilization (Bell 2008) and benthic-pelagic coupling (Pile et al. 1997; Lesser
2006; Perea-Blázquez et al. 2012; Lesser and Slattery 2013; Slattery and Lesser 2015). Sponges
are conspicuous on mesophotic coral reefs (MCEs), defined as coral reefs occurring from 30-150
m (Lesser et al. 2009, 2018; Loya et al. 2016; Slattery and Lesser 2019) with communities
structured primarily by depth-dependent changes in irradiance and dissolved and particulate food
(Lesser et al. 2009, 2018, 2019, 2020). Upper MCE (~30-60 m) communities may be important
refuges for a variety of shallow reef benthic fauna, while lower MCEs (~60-150 m) harbor
unique endemic species that make-up a significant percentage of the community in the lower
MCE (Lesser et al. 2018, 2019). Given the importance of sponges and the potential role of MCEs
as refuges, understanding what factors regulate sponge distributions along the shallow to
mesophotic depth gradient will inform predictions on their population dynamics in the future
(sensu Lesser and Slattery 2020).
Benthic-pelagic coupling by suspension feeders through the consumption of particulate
organic matter (POM) and dissolved organic matter (DOM) supports a large proportion of
benthic secondary production (Gili and Coma 1998, de Goeig et al. 2017), and the motile fauna
that depends on these resources for food and habitat (Dayton et al. 1974; Diaz and Rützler 2001;
Saier 2002; Boudreaux et al. 2006; Bell 2008). Additionally, filter feeders play important roles in
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the biogeochemistry of inorganic nutrients in both the water column and the benthos (Fiore et al.
2013a; Griffiths et al. 2017). The linkage between the planktonic communities and the
community structure of benthic suspension feeders, and how abiotic factors such as near benthic
flow fields influence both active and passive suspension feeders (Gili 2001), results in a variety
of diverse marine benthic communities (Gili & Coma 1998). One example is the changes in
community structure in rocky coralligenous aggregations in the Mediterranean, where increased
flow rates facilitate a highly diverse community due to the increased flux of particulate food
supply and where biomass and diversity declines significantly as current induced flow rates, and
subsequent food delivery, declines (Gili & Coma 1998). Additionally, the distribution of active
versus passive suspension feeders in the Mediterranean is determined by both food supply and
flow rates, with sponges, as active suspension feeders, able to exploit areas of low flow
compared to passive suspension feeders with the resulting communities determined by the
variability in currents (Coppari et al. 2016). Food supply is also known to structure benthic
communities in polar regions (Dayton et al. 1974; Cattaneo-Vietti et al. 1999; Orejas et al. 2000;
Gili et al. 2001). In Antarctica, near shore and deep-water communities have diverse and dense
communities of suspension feeders. Seasonal pulses in particulate food drive increased seasonal
growth rates in these suspension feeders (Cattaneo-Vietti et al. 1999; Orejas et al. 2000; Gili et
al. 2001), and in particular for sponges and bivalve molluscs. Additionally, different
physiological strategies based on seasonal pulses of food appear to govern the distributions of
different species in polar environments (Cattaneo-Vietti et al. 1999; Orejas et al. 2000; Gili et al.
2001). Suspension feeders can utilize picoplankton and detritus to support metabolic rates that
occur during the resource depleted winter, and then increase their feeding and growth during the
plankton rich spring and summer months (Orejas et al. 2000). Feeding on picoplankton, which is
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available year-round, has also been hypothesized to satisfy the energy requirements of polar
ascidians (e.g., Lesser and Slattery 2015).
Bottom-up forcing has been observed in sea anemone and mussel populations in the Gulf of
Maine, where the concentrations of particulate food, combined with ambient flow rates, is
important in structuring populations of the passive suspension feeding sea anemone, Metridium
senile on offshore sites, and the active suspension feeding mussel, Modiolus modiolus on inshore
sites (Lesser et al. 1994). Additionally, the growth rates of the blue mussel, Mytilus edulis in
Californian waters were found to be correlated with increased chlorophyll a concentration (Page
& Hubbard 1987). The trend of bottom-up control on growth rates and biomass accumulation
was also found in mussel populations in Oregon, USA where mussel growth rates and
recruitment was higher in areas with greater pelagic water productivity (Menge 1994, 2000).
While predation or competition (i.e., top-down processes) does ultimately influence community
structure and diversity of sessile benthic communities (Menge & Sutherland 1976; Summerson
& Peterson 1984; Wulff 2017), it is clear that bottom-up forcing via food availability is a critical
factor in the regulation of community structure and diversity of benthic suspension feeders in
marine ecosystems (Menge 2000; Gili & Coma 1998; Lesser 2006).
Similarly, the role of food availability to suspension feeders is important on tropical coral
reefs. Tropical coral reefs host a wide array of both passive and active suspension feeders.
Compared to temperate waters, productivity is low but constant on coral reefs and as a result
POM supply is relatively low in these marine ecosystems, and a variety of adaptations such as
symbiosis of algal or cyanobacterial symbionts with corals and sponges has evolved (Stanely,
2006; Bourne et al. 2016; Morrow et al. 2016; Fiore et al. 2020). However, it is clear that for
sponges, food supply is a major factor influencing their abundance and diversity (Lesser 2006,
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Trussell et al. 2006, Wulff 2017). The roles of bottom-up and top-down control of tropical coral
reef sponge distributions has been debated widely in the published literature (Pawlik et al. 2013,
2018; Slattery and Lesser 2015; Slattery et al. 2016; Wulff 2017; Lesser et al. 2018, 2020; Lesser
and Slattery 2018; Scott and Pawlik 2019). Based on current knowledge, it has been repeatedly
observed that bottom-up control is the primary driver of increasing sponge abundances and
biomass into the mesophotic zone while acknowledging that top-down processes also play a role
in their ultimate ecological distributions (Lesser 2006; Trussell et al. 2006; Lesser & Slattery
2013, 2018; Slattery & Lesser 2015; Lesser & Slattery 2018; Lesser et al. 2018, 2019, 2020). As
depth increases, POM, particularly heterotrophic picoplankton, increases while a concurrent
decrease in DOM has been observed (Lesser 2006; Trussell et al. 2006; Lesser et al. 2019, 2020).
Heterotrophic picoplankton and prochlorophytes have low C:N ratios compared to
cyanobacteria, which results in increased nitrogen availability with increased depth (Ducklow et
al. 1993; Campbell et al. 1994; Lesser 2006). Additionally, it has been shown that picoplankton
can provide most of the organic nitrogen for sponges on coral reefs (Ribes et al. 2003), and as
sponges consume picoplankton in proportion to its abundance, the increased consumption of this
resource at mesophotic depths appears to strongly influence the increased abundances and
growth rates of sponges with increasing depth (Lesser 2006; Trussell et al. 2006; Lesser and
Slattery 2013, 2018; Slattery and Lesser 2015). Increased consumption of picoplankton is also
associated with increased growth rates in the sponges Callyspongia vaginalis, Agelas conifera
(now correctly identified as A. tubulata) and Aplysina fistularis (Lesser 2006), while a reciprocal
transplant by Trussell et al. (2006) using C. vaginalis between 12 m and 25 m, showed
unequivocally that increased growth rates occur in deeper sponges and sponges transplants from
shallow to deep habitats where more picoplankton was observed resulted in energy surpluses for
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deep sponges. Trussel et al. (2006) did not measure DOM uptake for their experimental sponge,
Callyspongia vaginalis, but the dependence on DOM for C. vaginalis is minimal (McMurray et
al. 2018).
Additionally, stable isotope values of δ13C and δ15N, signatures of the integration of what
organisms consume over time, became less depleted from shallow to mesophotic depths for both
Xestopsongia muta (Morrow et al. 2016) and Agelas tubulata indicating that these species
increasingly rely on heterotrophy with increasing depth (Slattery et al. 2011). Interestingly,
Slattery et al. (2016) also found that the sponge Plakortis angulospiculatus displayed phenotypic
variability in chemical defense between shallow and mesophotic specimens. Shallow P.
angulospiculatus were more chemically defended compared to their mesophotic conspecifics but
mesophotic P. angulospiculatus regenerated tissue faster. This plasticity between chemical
defenses and the capacity to repair tissue damage is believed to be the result of increased trophic
resources available to the mesophotic populations for repair processes compared to shallow
populations.
The studies above provide strong evidence for bottom-up processes controlling sponge
distributions but also reinforces the need to integrate both traditional feeding measurements with
environmental data and biochemical methods to provide, within a robust experimental
framework, evidence to support what trophic processes influence sponge distributions. Sponges
are well known to consume DOM, and the microbiome of high microbial abundance sponges
(HMA) can process DOM and potentially translocate products from those processes (e.g.,
dissolved free amino acids) to their host (de Goeij et al. 2008, 2013, 2017; Freeman and Thacker
2011; Maldonado et al. 2012; Thacker and Freeman 2012; Fiore et al. 2013, 2020; Shih et al.
2020). However, many of these studies quantified DOC but not DON, and while DON is
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generally an order of magnitude lower in terms of availability compared to DOC (Lesser et al.
2019), it should nevertheless be included to get a better understanding of sponge DOM
consumption and reprocessing. The simultaneous quantification of DOM and POM consumption
will provide a more complete assessment of the trophic ecology of sponges.
The sponge used in this study was Agelas tubulata, which is commonly found along the
shallow to mesophotic depth gradient in the Cayman Islands. Agelas tubulata is a chemically
defended (Pawlik 2011; Rohde et al. 2015), HMA sponge that is known to feed on both DOM
and POM (Lesser 2006; Slattery and Lesser 2015; de Goeij et al. 2017). Here we present a
reciprocal transplant experiment between shallow and mesophotic depths using A. tubulata to
assess changes in growth rates, trophic resource consumption, carbon and nitrogen stable
isotopes and proximate biochemical composition between shallow and mesophotic depths. This
experiment exposes the transplanted sponges to all potential abiotic and biotic factors, including
predation. We hypothesize that the growth rates will be higher in mesophotic control sponges
and the shallow to mesophotic transplant sponges due to the increased availability of PON at
those depths and that this will be reflected in their stable isotopic signatures and biochemical
composition.

Methods
Study site
Both the reciprocal transplant and natural growth measurements were conducted at the Kittiwake
Anchor Buoy site, Grand Cayman (Lat: 19.362756, Long: -81.402437). This site exhibits a
sloping spur and groove reef structure between 15 – 61 m, at which point reef topography turns
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into a vertical wall. Both transplant sites were located on bare coral rock, and not located on live
coral or sand channels.

Light and temperature data
Temperature data was collected along a depth gradient (0, 15, 21, 30, 46, 61, 76 and 91 m)
beginning in January 2018 using Hobo Water Temperature Pro V2 loggers attached directly to
the substrate using cable ties. Sensors were checked and data downloaded every 6 mo. A drop
package was used to obtain profiles of photosynthetically active radiation (PAR: 400-700 nm),
for downwelling (Ed) irradiance, as a function of depth using a single channel PAR recorder
(RBRsoloPAR; RBR Ltd., Ottawa Canada) fitted with a calibrated LiCor cosine-corrected,
planar, sensor (LI 192SA) combined with a Sea-Bird SBE39 plus temperature and depth profiler.
Profiles from the surface to ~100 m depth were taken between 11 AM and 1 PM on partly (2540%) cloudy days.

Reciprocal transplant and natural growth experiment
To assess changes in growth rates and resource consumption a reciprocal transplant experiment,
beginning January 2018, was established between 22 m and 61 m. A total of 20 sponge PVC
frames (n = 10 per depth, Fig. S1) were affixed to the reef substrate using eye bolts epoxied into
the substrate with cable ties placed through the eye bolt and PVC frame. Agelas tubulata with
more than three tubes were identified and tagged with cow tags (n = 5 at 22 and 61 m) and used
as the source sponges for the transplant study. Five sponge tubes were cut (~8-19 cm tall) from
these sponges and transplanted from deep (61 m) to shallow (22 m) (DS), and shallow to deep
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(SD). Deep to deep (DD) and shallow to shallow (SS) controls (n = 5 each) were also cut and
transplanted back to their respective depths as disturbance controls. All samples were identified
with a cattle tag on the sponge frame and a plastic growth tag inserted 1 cm below the osculum
lip (Fig. S1). Subsequent measurements from the point of tag insertion to the top of each sponge
tube were taken to the nearest 0.1 cm in July 2018, January 2019 and June 2019 and used to
calculate apical growth rates. Total length and osculum wall thickness (total maximum diameter
minus inner diameter) were also measured to the nearest 0.1 cm. Growth rates were assessed in
several ways including apical, total length and osculum wall thickness in cm mo-1. Transplanted
sponges were removed from the reef after final measurements at 18 mo. All sponges were kept
in a shaded cooler submerged in seawater until returned to shore for processing of samples for
biochemical and stable isotope analysis. Any samples collected for biochemical and stable
isotope analyses were immediately frozen at -20℃ and transported frozen to the University of
Mississippi or the University of New Hampshire, where they were frozen at -80℃ until analysis.
Unmanipulated Agelas tubulata along the study depth gradient (15 to 61 m) (n = 33) were also
tagged to provide information on the natural growth rates, assessed as apical growth, across the
depths of the transplant experiment. Both transplanted sponges and tagged natural growth
sponges were revisited every 6 mo and growth metrics measured. Additionally, any bite scars
observed for each treatment were counted as a relative measure of predation on the experimental
sponges.

Ambient food availability
To quantify total POM and DOM availability along the shallow to mesophotic depth gradient
replicate samples (n = 3 per depth) were collected at 0, 15, 22, 30, 46, 61, 76 and 91 m in July
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2018 and January 2019. Acid‐washed 180 mL syringes were filled by divers at approximately 1
m from the reef substrate taking care not to disturb sediment and detritus. To quantify POM, the
samples were returned to the laboratory and 5 ml aliquoted and fixed at a final concentration of
0.5% electron microscopy grade paraformaldehyde and frozen at 0℃. Samples were shipped
frozen to the University of New Hampshire and stored at -80℃. Samples were shipped frozen on
dry ice to the Bigelow Laboratory of Marine Science, J.J. MacIsaac Facility for Aquatic
Cytometry and stored in liquid nitrogen (-196℃). Each sample was analyzed using flow
cytometry for total cell abundances as described, and modified, by Lomas et al. (2010) using a
Becton Dickinson Influx flow cytometer equipped with a 15 mW, 488 nm, aircooled Argon ion
laser. Both Chl a (692 ± 20 nm) and phycoerythrin (PE, 585 ± 15 nm) bandpass filters were used
and the instrument was calibrated daily with 3.46 µm Rainbow Beads (Spherotech Inc. Lake
Forest, Illinois, USA). Each sample was run for 3–5 min (∼0.2–0.3 ml total volume analyzed),
with log-amplified Chl a and PE fluorescence, as well as forward and right-angle scatter signals,
recorded and analyzed using FlowJo 9.8 Software (Becton Dickinson, San Jose, CA). Picoautotrophs were identified as either Synechococcus, Prochlorococcus or picoeukaryotes based
upon cell size and the presence or absence of phycoerythrin. For picoautotrophs the
concentration of cells in each population were enumerated and converted to cell abundances by
the volume-analyzed method (Sieracki et al., 1993). For heterotrophic bacterial abundance
samples were diluted 1:10 and stained using SYBRTM Green I Nucleic Acid Stain (Thermofisher
Scientific) at room temperature for 15 min (Marie et al. 2005). Samples were analyzed on a
BioRad ZE5 Cell Analyzer using a 488 nm (100 mW) blue excitation laser for a total volume of
100 µl. Files were analyzed from scatter plots based on green (525/35 BP filter) fluorescence
and right-angle light scatter (side scatter – SSC) using FlowJo 10 Software (Becton Dickinson,
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San Jose, CA). Heterotrophic bacteria counts were gated based on cell size and presence of
green fluorescence.
All counted cells were converted to their carbon and nitrogen equivalents (sensu Lesser et
al. 2019) to provide the concentrations of live particulate organic carbon (POC) and particulate
organic nitrogen (PON) available to the sponges. The following conversion values were used:
heterotrophic bacteria: 20 fg C/cell (Ducklow et al. 1993); Prochlorococcus: 53 fg C/cell (Morel
et al. 1993); Synechococcus: 470 fg C/cell (Campbell et al. 1994); heterotrophic bacteria: 3.3 fg
N/cell (Fagerbakke et al. 1996); Prochlorococcus: 9.4 fg N/cell; and Synechococcus: 35 fg N/cell
(Bertilsson et al. 2003). For phytoplankton, the carbon and nitrogen contents were computed
where C = 0.433 (biovolume, μm3)0.863 and N = 0.883 (biovolume, μm3)0.837 (Verity et al. 1992).
To quantify DOM, 40 ml aliquots were collected from the same water samples used for
flow cytometry analyses. These samples were filtered through a 0.2 µm GF/F filter and
immediately frozen at 0°C and transported frozen to the University of New Hampshire. The
filtered seawater samples were analyzed at the UNH Water Quality Analysis Laboratory.
Dissolved organic carbon (DOC, µmol C l-1) and dissolved organic nitrogen (DON, µmol N l-1)
were quantified using high-temperature catalytic oxidation and high-temperature oxidation with
chemiluminescent detection, respectively. Dissolved inorganic nitrogen (DIN) as NOx (i.e., NO3+ NO2-), ammonium (NH4), phosphate (PO4) and silicon dioxide (SiO2) were analyzed using a
SmartChem 200 automated colorimetric chemistry analyzer (Westco, Brookfield, Connecticut,
USA) or a Seal AQ2 (Seal Analytical, Mequon, WI, USA) discrete colorimetric analyzer.
Standard EPA protocols for each compound (NOx: #353.2, NH4: #350.1, PO4: #365, SiO2:
#370.1) were used.
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Sponge feeding measurements
To assess sponge feeding, paired ambient and excurrent water samples were collected from each
sponge, transplants and controls, in July 2018 and January 2019. Ambient water samples were
collected approximately 10 cm from the base of a sponge tube and excurrent samples were
collected approximately halfway down the osculum of the sponge using acid‐washed 180 mL
syringes and surgical tubing (sensu Lesser et al., 2006). POM and DOM were quantified as
described above. After feeding samples were collected, sponge pumping rates were assessed.
Fluorescein dye was placed at the base of the tube and time of appearance of the dye at the
osculum measured (s-1). Morphometrics on each sponge were collected to calculate the volume
of a cylinder (= plug volume) using total length of the tube and osculum width to the nearest 0.1
cm. In order to calculate a Q value (volumetric flux, ml s-1), the cross-sectional area (cm2) of the
sponge osculum was calculated and multiplied by the dye front speed (cm s-1) that was calculated
by dividing the total tube length of the sponge by the dye speed (Trussell et al. 2006). This
method assumes plug flow through the sponge tube, and a visual assessment of the dye fronts
produced during measurements confirms plug flow in the sampled sponges.
To calculate sponge feeding on POM, filtration efficiency was calculated for each sponge
by dividing the concentrations of total cells in the sponge ex-current water samples by the
concentration of total cells in the ambient water samples taken adjacent to the sponge and
multiplied by 100. Total cells consumed for each class (i.e., prochlorophytes, Synecochoccus,
eukaryotic phytoplankton and heterotrophic bacteria) of cells was computed by multiplying the
ambient concentration of cells (cells ml-1) by the filtration efficiency of cells and the individual
sponge Q value (ml s-1). All filtered cells were then converted to carbon or nitrogen equivalents
as described above. Rates of both carbon or nitrogen uptake (ug s-1) were calculated by
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multiplying cells filtered by the relevant groups carbon or nitrogen equivalent per cell and then
converted to its molar equivalents (µmol s-1). Similarly, to calculate sponge feeding on DOM,
filtration efficiency was calculated for each sponge by dividing the concentrations of total DON
or DOC in the sponge ex-current water samples by the concentration of total DON or DOC in the
ambient water samples taken adjacent to the sponge and multiplied by 100. Instantaneous (s-1)
total DON or DOC consumed was computed by multiplying the ambient concentration of DON
or DOC (µmol l-1) by the filtration efficiency and the individual sponge Q value (l s-1). The dry
mass of each sponge (g) was calculated using a tissue density of 0.14 g ml-1 for Agelas tubulata
(Weisz et al. 2008).

Stable isotope analyses
Sub samples of Agelas tubulata tissue were collected under sterile conditions using a sterile razor
from experimental sponges in June 2019 at the end of the experiment. Tissue samples were dried
at 55℃ for 24 h before pulverizing into a powder using a mortar and pestle. Samples of
pulverized tissue were sent to the Marine Biological Laboratory (Woods Hole, MA) for the bulk
analysis of particulate C and N as well as the natural abundance of the stable isotopes 15N and
13C. Prior to analysis samples were acidified using 1N HCL. Our analysis on the effect of
acidification on 15N tissue values (sensu Vafeiadou et al. 2013) shows no significant effects of
acidification in our hands as previously reported (Jaschinski et al. 2008; Kolasinski et al. 2008).
Samples were analyzed using a Europa ANCA-SL elemental analyzer-gas chromatograph
attached to a continuous-flow Europa 20-20 gas source stable isotope ratio mass spectrometer.
The carbon isotope results are reported relative to Vienna Pee Dee Belemnite and nitrogen
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isotope results are reported relative to atmospheric air and both are expressed using the delta ()
notation in units per mil (‰). The analytical precision of the instrument is ± 0.1‰, and the
mean precision of sample replicates for 13C was ± 0.4 ‰ and 15N was ± 0.2 ‰.

Proximate Biochemical Composition
For the samples collected in June 2019 sample wet mass and volume were also recorded, freeze
dried, pulverized, and dry sample mass recorded. Carbohydrates were extracted via incubation of
10 mg freeze dried tissue in 5 ml 5% trichlororacetic acid (TCA) for 4 h. Concentration of
carbohydrates was determined using the phenol-sulfuric acid method in microplate format
described in Masuko et al. (2005). Briefly, 50 µl of TCA digested sample solution or glucose
standard, 150 µl of sulfuric acid, and 30 µl of 5% phenol was pipetted in triplicate on a 96 well
plate and incubated for 10-15 min at 90°C. Absorbance at 490 nm was then measured using a
microplate reader. A standard curve was derived from glucose standards and used to calculate
the concentration of carbohydrates in samples. Protein was extracted via incubation of 10 mg of
freeze-dried tissue in 5 ml of 1 M sodium hydroxide (NaOH) for 24 h. Soluble protein
concentration was then analyzed using the Bradford Method (Bradford, 1976). 40 µl of NaOH
digested sample or BioRad Bovine Serum Albumin (BSA) standard was mixed with 2 ml of
BioRad Quick StartTM Bradford reagent. Absorbance at 600 nm was measured using a
spectrophotometer. A standard curve was derived from BSA standards and used to calculate the
concentration of protein in samples. Lipids were extracted using a modified version of the
protocol described by Freeman et al. (1957). A 50 mg sample of freeze-dried tissue was
sonicated for 15 min in a 2:1 chloroform to methanol solution and then filtered into a 50 ml
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conical tube containing ~20 ml of distilled water. The bottom organic layer was then pipetted
into a pre-weighed scintillation vial. This process was repeated twice per sample. The methanolchloroform solution was then evaporated off over a period of 12 h via vacuum centrifugation.
Inorganic tissue constituents (i.e., ash) were measured using methods described by McClintock
et al. (1992). A 100 mg sample of freeze-dried sponge tissue was placed in a pre-weighed
aluminum foil weigh-boat that was baked at 500°C in a muffle furnace for 5 h to obtain the ash
content of each sample. All concentrations of proximate biochemical composition were
normalized to ash-free dry weight (AFDW).

Statistical analyses
All statistical analyses were completed in either JMP (v. 14) or R (v. 3.6.2). Mean monthly and
yearly temperatures were tested for any effects of depth using ANOVA and the effect of depth
on PAR was assessed using non-linear regression. Sponge growth rates for the transplant
experiment were assessed using one-way ANOVA with treatment as a fixed factor while the
growth rate of naturally occurring sponges were quantified using linear regression. To assess
differences between depths and years in the concentration of available POM and DOM, an
analysis of covariance (ANCOVA) was run using depth as a fixed factor and year as the
covariate. In order to assess differences in sponge pumping rates and sponge consumption of
POM and DOM between treatments, an analysis of covariance (ANCOVA) was run with
treatment as the primary factor and sponge dry mass as the covariate to remove the potential
allometric effects of sponge size on sponge pumping and food intake. Because all analyses
showed that the slopes were non-homogeneous, a requirement for ANCOVA, individual
regression slopes from each treatment were used to weight individual sponge pumping or feeding
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rates to a sponge of standard dry mass (Packard and Boardman, 1988; Lesser & Kruse, 2004).
The weighted pumping or feeding rates were then analyzed using ANOVA with experimental
treatment as a fixed factor.
The statistical analyses for treatment effects on SIA and proximate biochemical
compositions were carried out utilizing ANOVA. Any variables not meeting the assumptions of
normality were log transformed before analysis. Any significant global effects of treatment
detected by ANOVA were followed-up with post-hoc multiple comparison tests using Tukey’s
HSD tests.

Results
Light and temperature
There was a significant effect of depth on mean monthly temperature (ANOVA: F11, 2303 = 233.5,
P<0.0001) (Fig. 7, Table S1). In July 2018, the mean monthly temperature was 29.25℃ (± 0.45
SD) at 22 m and 28.09℃ (± 0.19 SD) at 61 m. In January 2019, mean month temperature was
27.10℃ (± 1.14 SD) at 22 m and 27.39℃ (± 0.32 SD) at 61 m. The attenuation of Ed with depth
was typical for tropical Case I or II waters (Lesser et al. 2009) (Fig. S2). At 22 m Ed was ~198
µmol quanta m-2 s-1 and at 61 m Ed was ~96 µmol quanta m-2 s-1.
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Figure 7. Daily temperature (℃) measurements between July 2018 and July 2019 along the
shallow to mesophotic depth gradient at the experimental site.

Transplant experiment and natural growth of sponges
There was a significant effect of treatment on apical growth rates (ANOVA: F3,16 = 8.51, P =
0.001). Sponges from the DD and SD treatments had a significantly higher mean growth rate
(DD = 0.12 ± 0.01 [SE] cm mo-1, SD = 0.11 ± 0.02 [SE] cm mo-1) than DS transplants (DS =
0.02 ± 0.01 [SE] cm mo-1) (Tukey’s HSD = <0.05) (Fig. 8 a), which had the lowest growth rates
of all treatments. Samples from the SS treatment showed an intermediate mean growth rate (SS =
0.07 ± 0.04 [SE] cm mo-1) that was not significantly different from any other treatment group
(Fig. 8 a). There was a significant effect of treatment on osculum wall width (ANOVA: F3,16 =
4.27, P = 0.021). Sponges from the DD treatment had significantly greater osculum wall width
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growth rates (DD = 0.11 ± 0.02 [SE] cm mo-1) than the sponges from SS treatment (SS = 0.04 ±
0.005 [SE] cm mo-1) (Tukey’s HSD = <0.05) (Fig. 8 b). Treatment also had a significant effect
on the total length of sponges (ANOVA: F3,16 = 4.25, P = 0.025) with DD sponges (DD = 0.23 ±
0.012 [SE] cm mo-1) displaying significantly higher growth rates compared to DS transplants
(DS = -0.17 ± 0.16 [SE] cm mo-1) (Tukey’s HSD = <0.05) (Fig. 8 c). There was also a significant
effect of depth on the apical growth rates of naturally occurring, non-experimental, sponges
(t(25) = 6.31, P = 0.0188), as well as growth rates based on total length (t(31) = 12.62, P =
0.0012) using linear regression, with deeper sponges displaying the highest growth rates (Fig. 9
a, b). There was no significant effect of depth on osculum wall width growth rates (t(25) = 0.23,
P = 0.6334) (Fig. 9 c).

Ambient levels of POM and DOM
For POC (μmol C l-1) the assumptions of ANCOVA were satisfied and the analysis showed that
both depth (ANOVA: F1,15 = 9.67, P = 0.009) and year (ANOVA: F1,15 = 88.03, P <0.0001) had a
significant effect on POC concentrations which increased with increasing depth (Fig. 10 a). As
depth increased into the mesophotic zone the available POC increased with the July 2018
sampling period showing significantly overall greater POC concentrations compared to January
2019 (Fig. 10 a). The regression lines for PON (μmol N l-1) were not homogeneous (ANOVA:
depth x year interaction, F1,15 = 6.76, P = 0.023) so while PON increased significantly with depth
(ANOVA: F1,15 = 37.42, P <0.0001), the effect of year was assessed using a separate ANOVA
after Bonferroni correction for multiple tests on dependent values to avoid Type I errors. Using
a more stringent P=0.025 value a significant effect (ANOVA: F1,15 = 88.03, P = 0.006) for year
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Figure 8. Experimental transplant effects between treatments on mean (± SE) A) apical growth
rate, B) osculum wall thickness growth rate and C) total length growth rate. Treatments with
common superscripts are not significantly different from each other (Tukey’s HSD, P<0.05)
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Figure 9. Effects of depth (m) on A) apical growth rate (y = 0.042267 + 0.003351x, R2 =
0.20188, P = 0.0188), B) osculum wall thickness growth rate (y = 0.08968 + 0.006567x, R2 =
0.0092, P = 0.6334) and C) total length growth rate (y = 0.051545 + 0.007405x, R2 = 0.28094, P
= 0.0012) on the sponge Agelas tubulata.
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was observed (Fig. 10 b), with PON significantly greater in July 2018 compared to January 2019
(Fig. 10 b). For DOC (μmol C l-1) the assumptions of ANCOVA were satisfied and the analysis
showed that only depth (ANOVA: F1,15 = 29.17, P = 0.0002) had a significant effect of
decreasing DOC with depth (Fig. 10 c) while year was not significant (ANOVA: F1,15 = 1.05, P =
0.326). For DON (μmol N l-1) the assumptions of ANCOVA were also satisfied and the analysis
showed only a significant (ANOVA: F1,15 = 55.81, P < 0.0001) effect of decreasing DON with
depth (Fig. 10 d), while the effect of year on DON concentration was not significant (ANOVA:
F1,15 = 0.30, P = 0.594). The regression lines for NOx (μmol l-1) were not homogeneous
(ANOVA: depth x year interaction, F3,47 = 6.36, P <0.0001) so while NOx increased significantly
with depth (ANOVA: F3,47 = 234.36, P <0.0001), the effect of year was assessed using a separate
ANOVA after Bonferroni correction for multiple tests on dependent values to avoid Type I
errors. Using a more stringent P=0.025 value a significant effect (ANOVA: F1,47 = 16.39, P =
0.0002) for year was observed (Fig. 11), with NOx significantly greater in January 2019
compared to July 2018 (Fig. 11). The regression lines for PO4 (Fig. 11 b) were not homogenous
(ANOVA: depth x year interaction, F3,47 = 4.37, P = 0.0349), but there was no significant effect
of depth (ANOVA: F1,47 = 0.8423, P = 0.363) or year (ANOVA: F1,47 = 0.04, P = 0.984) on PO4
with increasing depth. The assumptions for ANCOVA were meet for the analysis of SiO2 (Fig.
11 c) but no significant effect of depth (ANOVA: F1,47 = 0.625, P = 0.28) or year (ANOVA: F1,47
= 0.62, P = 0.434) was observed.
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Figure 10. Effects of depth on mean (± SE) ambient levels of A) particulate organic carbon
(POC) (July 2018: y = 0.6625 + 0.002261x, R2 = 0.318, P <0.0001; January 2019: y = 0.25962 +
0.00225x, R2 = 0.752, P <0.0001), B) particulate organic nitrogen (PON) (July 2018: y = 0.0858
+ 0.000916x, R2 = 0.938, P <0.0001; January 2019: y = 0.0699 + 0.000362x, R2 = 0.458, P
<0.0001), C) dissolved organic carbon (DOC) (July 2018: y = 113.1 – 0.5813x, R2 = 0.731, P
<0.0001; January 2019: y = 110.28 – 0.6848x, R2 = 0.698, P <0.0001) and D) dissolved organic
nitrogen (DON) (July 2018: y = 9.0764 – 0.1049x, R2 = 0.821, P <0.0001; January 2019: y = 7.8
– 0.06625x, R2 = 0.857, P <0.0001).

Sponge pumping, consumption of POM and DOM, and nutrient fluxes
Rates of sponge pumping (Q value, ml s-1) was analyzed using ANCOVA with mass (g) as the
covariate. The assumptions of ANCOVA were met and the analysis showed no significant effect
of treatment on sponge pumping in July 2018 (ANOVA: F3,19 = 1.25, P = 0.335) or January 2019
(ANOVA: F3,17 = 0.62, P = 0.618) (Fig. S3).
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Figure 11. Effects of depth on mean (± SE) ambient levels of A) dissolved inorganic nitrogen
(NOx = NO2 + NO3) (July 2018: y = 0.528 + 0.00606x, R2 = 0.772, P <0.0001; January 2019: y =
0.2123 + 0.03503x, R2 = 0.857, P <0.0001), B) phosphate (PO4) (July 2018: y = 0.02115 +
0.000098x, R2 = 0.095, P = 0.385; January 2019: y = 0.03561 – 0.000237x, R2 = 0.442, P =
0.126) and C) silica dioxide (SiO2) (July 2018: y = 0.34 + 0.0196x, R2 = 0.183, P = 0.563;
January 2019: y = 1.4603 + 0.00312x, R2 = 0.034, P = 0.287).
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For the feeding studies in both July 2018 and January 2019 there were violations in the
assumptions (i.e., homogeneity of slopes) of ANCOVA for all dependent variables. As a result,
all analyses were conducted using a weighted ANCOVA approach as described above. There
were significant treatment effects for POC uptake (μmol C s-1) in July 2018 (ANOVA: F3,17 =
3.96, P = 0.031) with the SS treatment having the highest rate among treatments (Fig. 12 a).
Post-hoc multiple comparisons showed that the only significant pair-wise difference was
between the SS and DS treatments (Tukey’s HSD: P<0.05). For PON uptake (μmol N s-1) there
were no treatment effects (ANOVA: F3,17 = 3.21, P = 0.056) (Fig. 12 b). For DOC (μmol C s-1)
there were significant treatment effects (ANOVA: F3,17 = 3.63, P = 0.040) with the SD treatment
having the highest rate among treatments (Fig. 12 c). Post-hoc multiple comparisons showed
that the only significant pair-wise difference was between the SD and DS treatments (Tukey’s
HSD: P<0.05) (Fig. 12 c). Similarly, for DON uptake (μmol N s-1) there were significant
treatment effects (ANOVA: F3,17 = 4.37, P = 0.023) with the SS treatment having the highest rate
among treatments (Fig. 12 d). Post-hoc multiple comparisons showed that the only significant
pair-wise difference was between the SS and DS treatments (Tukey’s HSD: P<0.05). There were
no significant differences in natural feeding treatments between shallow and mesophotic sponges
for POC, (ANOVA: F1,5 = 0.3255, P = 0.598), PON (ANOVA: F1,5 = 0.341, P = 0.590), DOC
(ANOVA: F1,5 = 7.7, P = 0.0501), DON (ANOVA: F1,5 = 2.09, P = 0.221) or detritus (ANOVA:
F1,5 = 1,51, P = 0.277) (Table 5).
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Table 5. Adjusted feeding rates on naturally occurring (i.e., non-experimental) Agelas tubulata
on Grand Cayman. Mass, and all rate measurements, were not significantly different (ANOVA:
P>0.05) between depths which were binned into shallow (~ 22 m) and deep (~ 61 m) sponges for
analysis. These sponges correspond to the populations where SS and DD samples were
collected.
Depth

Shallow

Volume
Flux (Q:
ml s-1)
269.212

DOC (µmol
l-1)

DON (µmol
l-1)

POC (µmol
l-1)

PON (µmol
l-1)

Detritus (cell
ml-1)

2.679

0.414

0.127

0.022

19174956.079

Shallow
Shallow

185.629
178.055

6.664
2.041

0.572
0.330

0.159
0.225

0.028
0.037

22627939.961
4506438.600

Deep
Deep

477.706
172.991

18.174
8.806

1.335
0.347

0.221
0.116

0.040
0.020

48450272.400
15173728.351

Deep

331.238

10.916

0.913

0.264

0.047

7221530.664

There were no significant effects of treatment for weighted NOx fluxes in July (ANOVA:
F3,17 = 1.22, P = 0.337) or January (ANOVA: F3,17 = 2.667, P = 0.088), NH4 in July (ANOVA:
F3,17 = 2.98, P = 0.073) or January (ANOVA: F3,17 = 1.79, P = 0.193), PO4 in July (ANOVA:
F3,17 = 0.27, P = 0.84) or January (ANOVA: F3,17 = 2.17, P = 0.14) and SiO2 in July (ANOVA:
F3,17 = 0.40, P = 0.752) or January (ANOVA: F3,17 = 0.739, P = 0.55). These were then binned
based on their final depth of occurrence for experimental sponges (22 m = SS and DS treatments
and 61 m = DD and SD treatments), and only NH4 showed an effect of depth in July 2018, with
the deeper sponges producing greater fluxes of NH4 (ANOVA: F1,17 = 5.79, P = 0.028) (Table
S2). There was a significant effect of year for DIN flux (ANOVA: F3,32 = 3.56, P = 0.0385) with
sponges in January 2019 having higher rates of DIN production compared to July 2018.
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Figure 12. Mean (± SE) of A) Particulate organic carbon (POC) uptake weighted to remove
effects of sponge mass (g AFDW). B) Particulate organic nitrogen (PON) uptake weighted to
remove effects of sponge mass (g AFDW). C) Dissolved organic carbon (DOC) uptake weighted
to remove effects of sponge mass (g AFDW). D) Dissolved organic nitrogen (DON) uptake
weighted to remove effects of sponge mass (g AFDW). Treatments with common superscripts
are not significantly different from each other (Tukey’s HSD, P<0.05)

Stable isotope analyses
For Agelas tubulata there were no significant differences for δ13C (ANOVA: F3,17 = 2.31, P =
0.121), δ15N (ANOVA: F3,17 = 2.72, P = 0.084) or molar C:N ratios (ANOVA: F3,17 = 2.32, P =
0.119) between treatments (Table 6). Samples were then binned by final collection depth (22 and
61 m) and significant differences between the two depths for δ13C (ANOVA: F3,17 = 5.47, P =
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0.0326), δ15N (ANOVA: F3,17 = 7.36, P = 0.0153) and molar C:N ratios (ANOVA: F3,17 = 6.61, P
= 0.02) were observed. There was enrichment in both δ13C and δ15N and a lower molar C:N ratio
in the 61 m samples (Fig. 13, Table 6)
Table 6. 13C and 15N stable isotope, and molar C:N ratios (mean ± SE) for sponge tissue from
each treatment and binned by depth (22 and 61 m)
Treatment or Depth

13C

15N

C:N

DD

-17.17 (0.12)

4.02 (0.17)

3.61 (0.06)

DS

-18.00 (0.39)

3.23 (0.21)

3.89 (0.18)

SD

-17.46 (0.17)

3.67 (0.31)

3.74 (0.06

SS

-17.70 (0.21)

3.28 (0.21)

3.95 (0.08)

Figure 13. Bivariate plot of δ13C and δ15N bulk tissue stable isotopes binned by depth (mean ±
SE) from the Agelas tubulata transplant experiment.
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Proximate Biochemical Composition
There were no significant treatment effects observed for the concentration of carbohydrates
(ANOVA: F3,16 = 0.24, P = 0.867), lipids (ANOVA: F3,16 = 1.12, P = 0.378), soluble proteins
(ANOVA: F3,16 =0.36, P = 0.787) normalized to AFDW, or total energetic content in J mg-1
AFDW (ANOVA: F3,16 =0.78, P = 0.535) (Fig. S4)

Bite scars on experimental samples
There were no bite scars observed on any A. tubulata experimental samples during the feeding
measurements, or at their time of collection for processing.

Discussion
The biodiversity and abundances of sponges on Caribbean mesophotic coral reefs (30-150 m)
show a repeatable pattern of increased abundances and biodiversity (Lesser 2006; Trussell et al.
2006; Lesser & Slattery 2013, 2018; Slattery & Lesser 2015; Lesser & Slattery 2018; Lesser et
al. 2018, 2019). Populations of Agelas tubulata on the Cayman Islands also show a significant
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increase in percent cover with increasing depth (Macartney et al. in review). The results of this
reciprocal transplant study show that for the emergent HMA sponge, A. tubulata, populations
from mesophotic depths have a higher growth rate relative to its conspecifics located at depths
<30 m. Both the transplanted sponge and the natural sponge growth rate data support data from
previous studies showing that sponges exhibit increased growth as depth increases on shallow
and upper mesophotic coral reefs (Lesser 2006; Trussell et al. 2006; Lesser & Slattery, 2013),
and here we show that this pattern of growth extends into the mesophotic for A. tubulata on
Grand Cayman reefs. The apical tag growth rates of both the transplanted and natural growth
sponges are comparable to previous measurements of A. tubulata growth (Lesser 2006). The
transplanted sponges display increased growth rates in the DD and SD treatments, while the SS
and DS treatments show significantly less growth. This supports the hypothesis that the growth
rate of these sponges is a response to the net effects of both biotic and abiotic factors that vary
with increasing depth. In particular, no bite scars were noted on any treatment sponges
suggesting that predation was not a significant factor affecting the growth of these sponges. In
fact, the DS sponges actually show negative growth rate (i.e., de-growth) in terms of total length,
potentially due to their inability to regrow tissue from the initial experimental disturbance as
rapidly when compared to SD sponges. This could be the result of the reductions in their food
supply when they were moved to shallow depths as previously suggested (Lesser et al. 2018).
Interestingly, while the deep transplanted sponges show increasing osculum width growth rates
relative to their shallow counterparts, there is no change in the natural sponge osculum width
growth rates as depth increases. The apparent disparity between the experimental and natural
growth rates may be due to the transplanted sponges reacting to the disturbance of
transplantation by thickening their osculum walls rather than increasing apical growth. This
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disturbance may be reflected in the high concentrations of soluble proteins in the sponges (Fig.
S4). However, the relative osculum wall thickness growth rates in the transplant treatments were
comparable to the natural sponge’s osculum wall growth rates (Fig. 8b, 3b). So, undisturbed A.
tubulata are potentially prioritizing apical and linear growth over the thickening of its osculum
walls as an increase in the thickness of a sponge’s cell wall may limit pumping rate (Weisz 2008;
de Goeij et al. 2017), and therefore the ability to consume POM, while increasing size on the
vertical axis provides more potential choanocyte chambers without the inhibition of flow rate.
The increased consumption of POM, and PON in particular, has been proposed as a
primary cause for the increased abundance, diversity and growth rates in Caribbean mesophotic
coral reef sponges (Lesser 2006; Trussell et al. 2006; Lesser & Slattery 2013, 2018; Slattery &
Lesser 2015; Lesser & Slattery 2018; Lesser et al. 2018, 2019, 2020). As depth increases into the
mesophotic zone, picoplankton with low C:N ratios increase in abundance in this study, and
others (Lesser 2006; Lesser et al. 2019), which provides an important resource of nitrogen for
active suspension feeders such as A. tubulata (Ribes et al., 2003, 2005). The available resources
to sponges in this study show a steady increase in POC and PON into the mesophotic zone (Fig.
10 a, b), with concurrent decreases in DOC and DON (Fig. 10 c, d). This pattern of trophic
resource availability has been observed throughout the Caribbean basin (Lesser 2006; Trussell et
al. 2006; Lesser et al., 2019, 2020). Interestingly, this is the first time that both yearly and
seasonal differences in the depth-dependent increase in POM concentration have been
demonstrated for the shallow to mesophotic depth gradient in Grand Cayman, or any other
location. Additionally, while DOM appears to be stable over time in terms of its decrease in
concentration with depth, POM availability has an inverse relationship with the availability of
DIN (Fig. 11 a) which is most likely a result of changes in water column primary productivity
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and subsequently in the DIN pool. The DIN pool does increase with depth in both sampling
periods, which can also contribute to the greater abundances of POM along the depth gradient. In
this study, the experimental sponges were producers of NOx except in July 2018 in the SS
treatment (Table S2). A similar pattern has been observed in the Xestospongia muta in the
Caribbean (Southwell et al. 2008, Fiore et al. 2013), but NOx production (i.e., whether the
sponge is a source or sink) does appear to vary by site (Fiore et al. 2013). Based on the results
reported here, NOx production in A. tubulata could also be affected by season (Table S2).
Sponges were also sources for NH4 and SiO2 at both shallow and deep depths, indicating that
these sponges and their microbiomes can play important roles in the cycling of these compounds
at both shallow and mesophotic depths (Pita et al. 2018) (Table S2). Interestingly, while there
was no significant effect of depth, sponges were generally sources for PO4 at mesophotic depths
and sinks at shallow depths (Table S2). This may mean that there are fundamental differences in
the cycling of this key nutrient by the sponge’s microbiome between shallow and mesophotic
depths.
The availability of POM is well known to have an effect on both distributions and growth
rates of a variety of active suspension feeders (Menge 2000; Gili & Coma 1998; Lesser et al.
2004; Lesser 2006; Trussell et al. 2006) and the observed patterns in this study (Fig. 10) reflects
the general pattern observed for many active suspension feeders. While there is consistently an
increasing amount of POM available to sponges in the mesophotic, the quality of that food
changes along the depth gradient, and therefore could have an effect on growth and abundance. It
has been postulated that emergent sponges in the Caribbean are nitrogen limited on shallow
reefs, and the increased nitrogen in the form of PON may allow for increased growth after
respiratory demands have been met (Slattery and Lesser 2015; Lesser and Slattery 2018, Lesser
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et al. 2018, 2019, 2020). Many studies have identified DOC as contributing the majority of
carbon to sponge diets (De Goeij et al. 2008b, 2013, 2017; Mueller et al. 2014; Rix et al. 2017,
2018, 2020; McMurray et al. 2018; Gantt et al. 2019; Wooster et al. 2019), such that carbon is
unlikely to ever be limiting for sponges where DOC is utilized (Lesser et al. 2018, 2020). In this
study it also appears that Agelas tubulata is not carbon limited (Figure 4 a, c), This may,
however, result in sponges becoming nitrogen limited (Lesser et al. 2020).
Our expectations were that the growth results from the transplant experiment on A.
tubulata, would be reflected in an increased consumption of POC and PON with increasing
depth as reported in previous studies (Lesser 2006; Trussell et al. 2006; Slattery and Lesser
2015), but there were no significant treatment differences in POM consumption observed in this
experiment. There is an effect 6 months post transplantation in July where a significant
difference in DOC uptake between SD and DS transplants is observed, with SD sponges taking
up approximately 3 times the DOC compared to DS (Fig. 12 c). This same pattern between SD
and DS treatments is also observed in the uptake of DON, POC and PON but the differences
between the DS and SD groups were not significant (Fig. 12 a, b, d). This treatment effect was
not observed in January 2019, 12 months post transplantation. Surprisingly, in July, the SS
treatment had the highest rate of POC and PON consumption, but in January had rates of POM
uptake similar to the rest of the treatments (Fig. 12 a, b). This effect could be the result of
increased POM availability in July relative to January (Fig 4. a, b). Shallow sponges are
consistently exposed to lower concentrations of POM relative to mesophotic sponges, so shallow
sponges may adjust pumping rates to utilize this resource when it becomes more abundant
(Lesser 2006, de Goeij et al. 2008, Lesser & Slattery 2013). While increased food concentrations
have been suggested to limit the pumping of active suspension feeders (Frost 1980; Robins 1983;
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Petersen & Riisgård 1992; Petersen et al. 1999), a recent study by Morganti et al. (2019) found
that there was no reduction in sponge pumping under natural oligotrophic conditions, which was
also observed in a study on sponges by Ribes et al. (1999). Similarly, increased feeding rates
were observed when resource availability increased for active suspension feeders in nutrient
replete environments such as Antarctica (Orejas et al. 2000).
A source of variability in this experiment, the absence of any attachment by A. tubulata
sponges to the PVC frame and closing of the base of the sponge, was not observed in a previous
transplant study by Trussell et al. (2006) using Callyspongia vaginalis. The transplanted
sponges, while partially closed off at the bottom with upright PVC into the tube, still resulted in
a hollow tube. This could have affected their pumping rate due to a reduction in overall head
pressure in the tube. To assess for potential influence due to this effect, natural feeding
measurements were taken (Table 5). The size adjusted pumping rates of the natural sponges were
higher on average (~ 270 ml s-1) compared to the transplanted sponges (~25 ml s-1) (Table 5,
Figure S3). It appears that the morphology of the transplanted sponges had a large effect on the
transplanted sponge feeding measurements. While there were no significant differences in the
natural sponge feeding rates on any resource, the 61 m natural sponges did show a pattern of
increased consumption of all those resources (Table 5) with small sample sizes (n=3) from each
depth. Future transplant studies should combine both transplant and natural feeding with higher
sampling sizes to account for potential transplantation variability and the variation observed in
individual sponge pumping rates.
The results of our feeding measurements confirm that A. tubulata and its microbiome
utilizes significant quantities of DOM in their diets. While it has been shown that sponge cells
can utilize DOM (Achlatis et al. 2019), the experimental evidence also shows that the primary
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consumers of DOM within the sponge, particularly algal derived DOM, is the prokaryotic
microbiome (Rix et al. 2020, Zhang et al. 2019) which can then transform and translocate DOM
to the host (Shih et al. 2020). Given that the kinetics of DOM uptake in bacteria show a much
higher affinity, as much as three orders of magnitude, than eukaryotic cells (Manahan and Crisp
1982), it should not be surprising even though the maximum uptake kinetics for DOM uptake
favor the sponge. This is because 35-50% of sponge biomass is made up of the prokaryotic
microbiome (Webster and Thomas 2016, Hentschel et al 2006, Thomas et al. 2016). The
microbiome of A. tubulata, particularly the high proportion of Chloroflexi bacteria, has also been
shown to have a broad metabolic potential for the use of labile, semi-labile and refractory DOM.
However, it is unknown what proportion of this DOM is provided to A. tubulata from its
microbiome in the form of translocated products or via the phagocytosis of symbionts (Leys et
al. 2018; Shih et al. 2020). The proportional uptake of POC to DOC (2-4% and 96-98%
respectively) found in this experiment is similar to values on emergent HMA sponges on coral
reefs (de Goeij et al. 2017; Wooster et al. 2019) but the POC proportion was lower than observed
in other studies (McMurray et al. 2018; Rix et al. 2020). It is clear that pumping rates and
feeding rates of individual sponges are highly variable over time so increasing the number of
measurements over time and increasing sample sizes in future studies would be essential to
account for this variability.
The increased use of POM as a nutritional resource for sponge communities in the
mesophotic zone of the Caribbean is reflected in the stable isotopic signatures of A. tubulata
tissue. Stable isotopes are generally considered a time integrated metric for assessing the diet of
an organism (Fry 2006), and while there are no published studies on stable isotope turn over in
sponges, we can estimate their half-life in sponges using the equation for whole body
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invertebrate samples provided by Zanden et al. (2015). Our sponges had an average mass of
29.15 g AFDW giving an estimated half-life of a stable isotope in the sponge’s tissue of ~10
days. The small increase in 13C may be a result of reduced consumption of photoautotrophically
derived DOM and POM. It is unlikely to be because of depth-dependent changes in symbiont
function, as A. tubulata has no known photoautotrophic symbionts (Gantt et al. 2019; Macartney
& Lesser, unpublished) where the fractionation of carbon would have been affected by
decreasing Ed with depth. The increased 15N at the deep site mirrors significant patterns
observed in other sponges along a shallow to mesophotic depth gradient (Slattery et al. 2011;
Morrow et al. 2016). The stable 15N isotope is often used as a measure of heterotrophy and
changes in trophic position (Peterson & Fry 1987). In A. tubulata, heterotrophy increases with
increasing depth (Slattery et al. 2011), and the increased 15N suggests an increased reliance by
mesophotic sponges on resources such as heterotrophic picoplankton or procholorphytes, both of
which increase in the mesophotic in this study and others (e.g. Lesser et al. 2019, 2020),
compared to isotopically lighter eukaryotic phytoplankton and autotrophic picoplankton such as
Synechococcus (Lesser 2006; Lesser et al. 2019, 2020; this study). The decrease in C:N ratios at
the deep site also indicates that deep sponges have a more stoichiometrically balanced diet to
start with, relative to shallow sponges (Lesser et al. 2020). Taken together, the stable isotope data
and ambient POM concentrations provide compelling evidence that the observed differences in
growth is driven by the consumption of nitrogen-rich POM over time on mesophotic reefs
relative to shallow reefs. This increased consumption of an abundant, nitrogen-rich resource with
greater bioavailability at mesophotic depths allows for higher growth rates on MCEs. This is the
most parsimonious explanation based on the data presented here, previously published literature
on Caribbean sponges (Lesser 2006; Trussell et al. 2006; Lesser and Slattery 2013; Slattery and
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Lesser 2015; Wulff 2017) and literature on other active suspension feeders from a variety of
environments (Lesser et al. 1994; Menge 1994, 2000; Gili & Coma 1998; Gili 2001; Lesser &
Slattery 2015).
In some cases, other factors have been shown to regulate the distribution and abundance
of active suspension feeder such as predation or physical disturbances (Menge & Sutherland
1976, Summerson & Peterson 1984, Wulff 2017), but the results of this study reflect bottom-up
forces (i.e., food availability) as the primary factor regulating sponge biomass and growth rates.
Top-down control, at least in the form of predation, also seems unlikely here as Agelas tubulata
is a chemically defended sponge that produces a wide variety of secondary metabolites, resulting
in tissue extracts from this sponge becoming less palatable to spongivores relative to other
sponge species (Chanas et al., 1997, Assman et al. 2000, Pawlik et al. 2006, Pawlik 1997, 2011).
In this experiment, no bite scars were observed during regular checks and final handling of the
transplanted sponges. Since these sponges were exposed to all abiotic and biotic factors, the lack
of bite scars suggests that predation was not a confounding factor affecting the growth rates
observed during this experiment. This is further supported by the observations of Wulff (2017)
who found that predation was not a significant regulator of sponge populations between depths
on coral reefs but did structure sponge populations between ecotypes (mangrove vs. coral reef).
It is also unlikely the light environment had any effect on this sponge’s growth rates or metabolic
requirements due to the lack of photoautotrophic symbionts in A. tubulata (Gantt et al. 2019,
Macartney & Lesser, unpublished). Agelas tubulata does harbor dense Chloroflexi populations
(Olson 2010, Gantt et al. 2019), as observed in many Caribbean sponges (Hentschel et al. 2012;
Thomas et al. 2016; Pita et al. 2018) and while these bacteria have the potential for phototrophic
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metabolism (3-Hydroxypropionate pathway), this was not reflected in the sponge tissue isotopic
composition (Canfeld et al. 2005).

Conclusions
The results of this study show that Agelas tubulata in the mesophotic have higher growth rates
relative to their shallow conspecifics. Particulate organic matter was also significantly higher at
mesophotic depths in both July and January, which provides evidence that the increased growth
rates at mesophotic depths were a result of the increased quantities and consumption of POM
available to the mesophotic sponges, which was then reflected in the sponge tissue 15N values.
We have also shown that A. tubulata consumes significant concentrations of DOC and DON but
given the higher C:N ratios and lower bioavailability of DOM for sponges how much of this
DOM actually goes into sponge biomass accumulation (sensu Shih et al. 2020) is unknown. The
pumping and feeding rates of A. tubulata showed high individual variability during this study,
illustrating that multiple measurements of feeding on both DOM and POM over time are
required to better understand the variability in the feeding ecology of these sponges as a function
of depth. These sponges were found to be sources of inorganic and organic compounds such as
NOx, NH4 and SiO2 at our site and were sources for PO4 at mesophotic depths, illustrating the
important role A. tubulata may also play in the local cycling of these essential constituents for
many community members on shallow and mesophotic coral reefs (sensu Slattery et al. 2013).
Additionally these sponges produced large quantities of phytodetrital matter. This warrants
further study into detrital production in A. tubulata. Further study on the cycling of inorganic and
organic compounds by sponges on MCEs, the chemical composition and microbial community
structure along the shallow to mesophotic depth gradient are necessary to help identify other
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potential factors controlling the growth, biomass and distribution of this Caribbean coral reef
sponge.
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Figure 14 (S1). Photo of a transplanted Agelas tubulata on the experimental PVC rack (Photo:
Liz Kintzing).

Figure 15 (S2). The effect of depth on downwelling irradiances (PAR: μmol quanta m−2 s−1) at
the experimental transplant site.
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Figure 16 (S3). Mean (± SE) Q values (volumetric flux, ml s-1) collected during the feeding
assessments on experimental sponges.
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Figure 17 (S4). Experimental effects of proximate biochemical composition normalized to
grams of ash free dry weight (g AFDW) for mean (± SE) A) carbohydrates, B) lipids, C) soluble
protein and D) total energetic content in Joules.
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Table 7 (S1). Monthly mean temperatures (± SD) at each depth for one continuous year during
study period on Grand Cayman.
Year

Month

Depth

Temperature ℃

2018

7

15m

29.75 ± 0.41

2018

7

22m

29.5 ± 0.45

2018

7

30m

29.25 ± 0.5

2018

7

46m

28.51 ± 0.3

2018

7

61m

28.09 ± 0.19

2018

7

76m

27.7 ± 0.24

2018

7

91m

27.47 ± 0.22

2018

8

15m

29.35 ± 0.29

2018

8

22m

29.21 ± 0.29

2018

8

30m

29.15 ± 0.3

2018

8

46m

28.69 ± 0.28

2018

8

61m

28.38 ± 0.2

2018

8

76m

28.07 ± 0.17

2018

8

91m

27.89 ± 0.17

2018

9

15m

29.88 ± 0.16

2018

9

22m

29.79 ± 0.18

2018

9

30m

29.79 ± 0.19

2018

9

46m

29.36 ± 0.21

2018

9

61m

28.55 ± 0.27

2018

9

76m

27.75 ± 0.22

2018

9

91m

27.21 ± 0.2

2018

10

15m

29.23 ± 0.15

2018

10

22m

29.18 ± 0.13

2018

10

30m

29.21 ± 0.11

2018

10

46m

29.06 ± 0.09

2018

10

61m

28.79 ± 0.28

2018

10

76m

28.1 ± 0.55

2018

10

91m

27.46 ± 0.47

2018

11

15m

28.9 ± 0.17

2018

11

22m

28.87 ± 0.15

2018

11

30m

28.91 ± 0.15

2018

11

46m

28.79 ± 0.14

2018

11

61m

28.7 ± 0.22

2018

11

76m

28.28 ± 0.32

2018

11

91m

27.71 ± 0.47

2018

12

15m

28.14 ± 0.34

2018

12

22m

28.13 ± 0.34

2018

12

30m

28.18 ± 0.34

2018

12

46m

28.09 ± 0.33

2018

12

61m

28.15 ± 0.32

2018

12

76m

28.03 ± 0.31

2018

12

91m

27.87 ± 0.36

2019

1

15m

27.11 ± 1.12
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2019

1

22m

27.1 ± 1.14

2019

1

30m

27.04 ± 1.28

2019

1

46m

27.32 ± 0.3

2019

1

61m

27.39 ± 0.32

2019

1

76m

27.49 ± 0.18

2019

1

91m

27.4 ± 0.22

2019

2

15m

27.09 ± 0.1

2019

2

22m

27.07 ± 0.1

2019

2

30m

27.04 ± 0.09

2019

2

46m

27 ± 0.09

2019

2

61m

27 ± 0.08

2019

2

76m

27.01 ± 0.09

2019

2

91m

26.91 ± 0.12

2019

3

15m

27.19 ± 0.17

2019

3

22m

27.16 ± 0.16

2019

3

30m

27.13 ± 0.15

2019

3

46m

27.08 ± 0.14

2019

3

61m

27.07 ± 0.13

2019

3

76m

27.03 ± 0.14

2019

3

91m

26.85 ± 0.14

2019

4

15m

27.6 ± 0.17

2019

4

22m

27.52 ± 0.15

2019

4

30m

27.47 ± 0.15

2019

4

46m

27.35 ± 0.15

2019

4

61m

27.23 ± 0.11

2019

4

76m

27.13 ± 0.08

2019

4

91m

26.92 ± 0.08

2019

5

15m

28.51 ± 0.31

2019

5

22m

28.43 ± 0.31

2019

5

30m

28.36 ± 0.31

2019

5

46m

28.12 ± 0.33

2019

5

61m

27.68 ± 0.24

2019

5

76m

27.42 ± 0.18

2019

5

91m

27.11 ± 0.16

2019

6

15m

29.04 ± 1.04

2019

6

22m

28.96 ± 1

2019

6

30m

28.91 ± 1.03

2019

6

46m

28.56 ± 0.97

2019

6

61m

27.83 ± 0.92

2019

6

76m

27.45 ± 0.18

2019

6

91m

27.11 ± 0.15
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Table 8 (S2). Fluxes (mean ± SE) of nitrate and nitrite (NO3 + NO2= NOx), ammonium (NH4),
phosphate (PO4) and silica dioxide (SiO2) between two sampling periods and depths.

Date
July
2018
July
2018
January
2019
January
2019

Depth (m)
22
61
22
61

NOx Flux
(μmol s-1)
-0.00141
(0.0128)
0.0023
(0.0007)
0.0057
(0.0025)
0.067 (0.029)

NH4 Flux
PO4 Flux
-1
(μmol s )
(μmol s-1)
0.0027 (0.0081)
-0.0016
(0.0028)
0.032 (0.009)
0.00005
(0.00009)
0.022 (0.017)
-0.0007
(0.0004)
0.021 (0.087)
0.0013
(0.0012)

SiO2 Flux
(μmol s-1)
0.0042
(0.0046)
0.0028
(0.016)
-0.032
(0.014)
0.057 (0.079)
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Abstract
Sponges play crucial ecological roles in a wide variety of marine ecosystems, particularly with
respect to benthic-pelagic coupling and biogeochemical cycling. In the Caribbean, sponge
microbiomes can have a significant influence on coral reef carbon and nitrogen cycling and are
responsible for a large quantity of the dissolved organic matter (DOM) consumed by sponges. As
sponges increase abundance on Caribbean mesophotic coral reef ecosystems (MCEs), the
microbiomes may have an effect on their trophic ecology or biogeochemical cycling between
depths. Caribbean MCEs are characterized by gradients in photosynthetically active radiation
(PAR), temperature and nutrients. As depth increases, particulate organic matter (POM)
increases, while DOM decreases and this increase in bioavailable POM is most likely responsible
for the increase in sponge abundances and growth rates on mesophotic coral reefs. However,
decreases in the availability of PAR and DOM could change the microbiome community
structure and function of these sponges between shallow reefs and MCEs. We characterized the
microbiome community structure and function, stable isotopic composition and proximate
biochemical composition of four Caribbean reef sponges (Amphimedon compressa, Agelas
tubulata, Plakortis angulospiculatus and Xestospongia muta) between shallow to mesophotic
depths on Grand Cayman MCEs. We found that there were species-specific changes in microbial
community composition as depth increased and that Kyoto Encyclopedia of Genes and Genomes
(KEGG) genes associated with nitrogen and carbon cycling also underwent species-specific
changes between depths. Additionally, there were significant increases in the 15N of all the
sponge species as depth increased, indicating that the sampled sponges consume more
heterotrophic bacterioplankton on MCEs. We also observed phenotypic plasticity in sponge
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trophic ecology and energetic state between shallow and mesophotic depths, likely as a result of
the increased bioavaliable POM available on MCEs.
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Introduction
Marine sponges are ubiquitous in marine ecosystems and play important roles in benthic-pelagic
coupling, biogeochemical cycling and substrate consolidation in these habitats (Diaz & Rützler,
2001; Lesser 2006; Trussell 2006; Bell 2008; Maldonado et al. 2012; Slattery & Lesser 2015; de
Goeij et al. 2017; Maldonado et al. 2017). In the Caribbean sponges are common members of coral
reef ecosystems and their roles in nutrient cycling and habitat or food provision for a variety of
important reef flora and fauna are well known (Diaz & Rützler 2001; Bell 2008; Fiore et al. 2010;
de Goeij et al. 2013, 2017). Sponges, like many benthic marine fauna, form diverse and often
species-specific associations with microbial communities and these communities can play
important roles in nutrient cycling on coral reefs (Thacker & Freeman, 2012; Fiore et al., 2013 a,
b, 2020; Morrow et al. 2016; Bourne et al. 2016; Pita et al. 2018). These host-specific communities
have also been shown to have high spatial and temporal stability but can be influenced by abiotic
or biotic factors at specific locations (Hardoim & Costa 2014; Morrow et al. 2016; Pita et al. 2018;
Batista et al. 2018). Sponge associated microbes can comprise 35-50% of the total mass of a sponge
(Webster and Thomas 2016, Hentschel et al 2006, Thomas et al. 2016) and have been documented
to provide inorganic and organic resources to their host through photosynthesis, heterotrophy or
chemosynthesis (Freeman & Thacker, 2011, 2012; Fiore et al., 2013a, Fiore et al. 2015; RubinBlum et al. 2019; Zhang et al. 2019; Rix et al. 2020). Interestingly, sponges appear to have evolved
two different modes of symbiont association which are categorized based on the relative density
of microbes within the mesohyl of the host sponge. High microbial abundance sponges (HMA)
generally harbor 108 to 109 bacteria per gram of sponge tissue while low microbial abundance
sponges (LMA) typically harbor 105 to 106 bacteria per gram of sponge tissue, similar to the
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densities of microbes found in the surrounding seawater (Weisz et al. 2008; Hentschel et al. 2012,
Gloeckner et al. 2014; Pita et al. 2018).
The different densities of microbes in these HMA and LMA sponges may be the result of
their morphology and is reflected in their feeding strategies, and thus can affect the trophic ecology
of sponges. One of the key differences between HMA and LMA sponges is the density of the
mesohyl, which is greater in HMA sponges compared to LMA sponges (Weisz et al. 2008).
Additionally, LMA have a higher proportion of the mesohyl (μm2) dedicated to choanocyte
chamber formations compared to LMA sponges. These chambers are responsible for pumping
water through the sponge aquiferous system (Poppell et al. 2014). This results in a lower flow rate
in HMA species relative to LMA species, and these differences are thought to drive a higher
reliance on dissolved organic matter (DOM) in HMA sponges, whereas LMA sponges consume
comparatively greater quantities of particulate organic matter (POM) (Weisz et al. 2007; Freeman
& Thacker 2011, 2012; Mueller et al. 2014; de Goeij et al. 2017; Morganti et al. 2017). The higher
densities of microbes, and lower pumping rates (=longer residence times of seawater) in HMA
sponges result in the removal of greater concentrations of DOM in sponges where they get most
of their carbon requirements (de Goeij et al. 2017). The HMA-LMA continuum in trophic resource
utilization can also facilitate the maintenance of dense coral reef sponge communities (Morganti
et al. 2017). The microbiomes of these sponges can also produce secondary metabolites that can
be utilized for chemical defense of sponge tissue from predators or allelopathic interactions with
other members of the benthic community (Assman et al. 2000, Pawlik et al. 2006, Pawlik 1997,
2011; Pita et al. 2018). Indeed, HMA sponges are generally observed to more chemically defended
relative to LMA sponges (de Goeij et al. 2017). Due to the potentially significant effects that
sponge associated microbes have on the chemical and trophic ecology of sponges, considering
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both the structure and function of sponge microbiomes is crucial when assessing ecological factors
that affect sponge distributions. This is particularly important in the case of sponge abundances
between shallow coral reefs and the mesophotic zone of coral reefs, as there are clear differences
in sponge distributions between shallow and mesophotic depths, with sponges increasing in density
and percent cover with increasing depths (Lesser, 2006, Garcia-Sias 2010; Lesser and Slattery
2013, 2018, Lesser et al. 2011, 2018; Slattery et al. 2011, Slattery and Lesser 2012).
Mesophotic coral ecosystems are currently defined as reef systems occurring below 30 m
and extending to ~150 m depth, and have received significant attention recently due to their
potential role as refuges for threatened shallow reef species (Lesser et al. 2009, 2018; Loya et al.
2016; Bongaerts et al. 2010; but see Bongaerts et al. 2017). In the Caribbean MCEs are
characterized by gradients in abiotic factors, such as decreasing photosynthetically active radiation
(PAR) and temperature (Lesser 2006; Lesser et al. 2018). They also show repeatable patterns in
trophic resource availability, such as increases in POM and a concurrent decrease in DOM as depth
increases (Lesser 2006; Trussell et al. 2006; Lesser et al. 2019; Lesser et al. 2020; Chapter 2).
While it has been argued that top-down processes can govern the increased abundances and
diversity of sponges in the mesophotic (Pawlik et al. 2013; Pawlik et al. 2018; Scott and Pawlik
2019), the preponderance of evidence shows these ecological patterns are driven primarily by
bottom-up forces, particularly the increased consumption of organic matter, both DOM and POM,
(Chapter 1, 2; Lesser 2006; Trussell et al. 2006; Lesser & Slattery 2013, 2018; Slattery & Lesser
2015; Lesser & Slattery 2018; Lesser et al. 2018, 2019, 2020). While POM is critical for sponge
growth through the provision of bioavailable nitrogen (Ducklow et al. 1993; Campbell et al. 1994;
Lesser 2006), the DOM component of their diets has been found to be the major source of carbon
for sponges (de Goeij et al. 2017). This component of their diet can comprise up to 95% of their
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trophic carbon uptake (de Goeij et al. 2013, 2017; Mueller et al. 2014; McMurray et al. 2016,
2018; Wooster et al. 2019) and may be responsible for important sponge driven processes such as
the “Sponge Loop Hypothesis” (de Goeij et al. 2013). While recent studies have shown that sponge
cells (i.e., the choanocytes) can take up DOM, the majority of this resource is consumed by the
microbiome of the sponge (Achlatis et al. 2019, Rix et al. 2020) and potentially translocated to the
sponge host (Shih et al. 2020). However, the proportion of this resource that is transferred by the
heterotrophic microbiome to the sponge host is still unknown (Achlatis et al. 2019, Rix et al. 2020).
Given this, our understanding of how the microbial community changes along environmental
gradients may provide insight into different trophic strategies between shallow and mesophotic
conspecifics, particularly with respect to nitrogen and carbon cycling.
While the microbiome of sponges is often considered stable over large temporal or spatial
scales, it appears that environmental gradients may change the community composition of the
sponge microbiome, and the degree of this change can be site dependent (Morrow et al., 2016, Pita
et al. 2018). Generally, evidence supports a species specific “core” microbiome in sponges that is
stable throughout its distribution, but that changes in environmental conditions may affect the
“variable” portion of the microbiome (Morrow et al. 2016; Pita et al. 2018). Given that there are
gradients in both abiotic and biotic factors along a shallow to mesophotic depth gradient, it is likely
that the variable portion of the microbiome of a sponge may change between depths. Studies in
the Caribbean and the Pacific have shown that changes in depth can affect the community
composition of the microbiome that is driven by both abiotic and biotic factors (Olson & Gao,
2013; Morrow et al. 2016; Steinert et al. 2016;). In the case of Xestospongia muta, Morrow et al.
(2016) observed stability in the microbiome over a shallow to mesophotic depth gradient correlated
with increased dissolved inorganic nitrogen (DIN) availability on MCE reefs at Lee Stocking
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Island, Bahamas. Increased DIN availability at mesophotic depths supported the cyanobacterial
symbionts present in X. muta’s microbiome despite reductions in PAR. Conversely, at a sampling
site with reduced DIN at Little Cayman Island, symbiont community underwent reductions in
abundance of cyanobacterial OTU’s at mesophotic depths due to the decreased available PAR and
decrease in DIN compared to populations in the Bahamas. Changes in abiotic and biotic factors
along the MCE gradient obviously do have the potential to affect microbial community structure,
and thus potentially affect the trophic ecology of the sponge through reductions or increases in
both photoautotrophic and heterotrophic contributions from associated microbes.
Here we present a “natural experiment” on three HMA sponges (Agelas tubulata, Plakortis
angulospiculatus and Xestospongia muta) and one LMA sponge (Amphimedon compressa), along
a shallow to mesophotic depth gradient on Grand Cayman Island. Our goal is to assess if natural
gradients in environmental factors such as PAR, temperature, POM, DOM, DIN and phosphate
(PO4) availability has an effect on the microbial community composition, predicted functional
profile of the microbiome and/or trophic ecology of these sponges. These sponges represent a
broad variety of morphologies, microbial associations and trophic strategies, such as symbiosis
with known photoautotrophic symbionts (X. muta) (Morrow et al. 2016) or sponges that have low
relative abundances of photoautotrophic symbionts (A. tubulata) (Gannt et al. 2019) and another
sponge species that likely relies more heavily on POM relative to DOM (A. compressa) due to its
LMA status (Weisz et al. 2007; Gloeckner et al. 2014; Morganti et al 2017). Additionally, there is
known variability in the chemical defenses of P. angulospiculatus between shallow and
mesophotic depths (Slattery et al. 2016). We hypothesize that photoautotrophic symbionts will
decrease in relative abundance as depth increases into the mesophotic, and that increases in sponge
and microbiome heterotrophy (i.e., increased POM consumption and decreased photoautotrophy)
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will be reflected in their stable isotopic signatures and predicted microbiome functional profiles.
We also hypothesize that the increase in POM as depth increases at this site will cause an increase
in bioenergetic reserves for mesophotic sponges.

Methods
Study site
All sampling was done at the Kittiwake Anchor Buoy site, Grand Cayman (Lat: 19.362756, Long:
-81.402437). This site exhibits a spur and grove structure with a sloping reef structure between 15
– 60 m, at which point the reef topography turns into a vertical wall. As depth increases into the
mesophotic zone at this site, concentrations of POC and PON (μmol l-1) increase significantly
(Chapter 2, Fig. 10) while DOC and DON (μmol l-1) decreases significantly (Chapter 2, Fig. 10).
Dissolved inorganic nitrogen (DIN) as NOx (i.e., NO3- + NO2-) increased significantly with depth
at this site but ammonium (NH4), phosphate (PO4) and silica dioxide (SiO2) do not vary
significantly with increasing depth (Chapter 2, Fig. 11). Photosynthetically active radiation also
shows a significant decrease as depth increases into the mesophotic zone (Chapter 2, Fig. 7).
Sample collection
Sponge tissue samples of Agelas tubulata, Amphimedon compressa, Plakortis angulospiculatus
and Xestospongia muta were collected along a depth gradient at 15, 22, 30, 46, 61, 76 and 91 m,
where sponges were found at these depths (n = 3-8 sponges per depth). Larger sponges such as A.
tubulata, P. angulospiculatus and X. muta were sampled by cutting a “pie-slice” of sponge tissue
from the apical lip of the osculum including both pinacoderm and mesohyl as described in Morrow
et al. (2016) and placed in labeled bags filled with seawater. Whole “branches” were collected for
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A. compressa and placed in labeled bags filled with seawater, with care taken to leave some sponge
tissue at the base for regrowth after sampling. All sponges were kept in a shaded cooler and
submerged in seawater until returned to shore for processing of samples for 16s rRNA
metabarcoding, biochemical and stable isotope analysis. For metabarcoding, a small subsample
was taken using a sterile razor and stored in DNAlater for subsequent analysis. Subsamples of
tissue were also collected for stable isotope analyses and were immediately frozen at -20℃ and
transported frozen to the University of New Hampshire, where they were frozen at -80℃ until
analysis. The remaining sponge tissue was frozen at -20℃ and transported frozen to the University
of Mississippi, where they were frozen at -80℃ until proximate biochemical analyses were
conducted. Seawater samples were also taken at the surface and at 22, 30, 46, 61, 76 and 91 m (n
= 3 per depth). Acid-washed 180 ml syringes were used to take samples approximately 1 m from
the benthos at each depth, taking care to avoid any benthic organisms or sediment. Water samples
were then filtered through a 0.2 μm baked GF/F filter and the filter stored in DNAlater. Seawater
DNA samples were immediately frozen at -20℃ and transported frozen to the University of New
Hampshire, where they were frozen at -80℃ until analysis.

DNA Isolation and 16s rRNA amplicon sequencing

To obtain microbial genomic DNA, approximately 200-300 mg of sponge tissue was taken from a
subsample stored in DNAlater, with care taken to dab away any of the preservative using a sterile
Kim-wipe. Tissue was then cut into small pieces using a sterile razor for further anaylsis. Sponge
DNA was isolated using a Qiagen DNeasy PowerSoil extraction kit with the manufacture’s
protocol modified as follows. Sponge tissue was added to the PowerSoil bead tubes with 5 µl of

113

Proteinase K (20 mg ml-1 stock in 10% SDS) and 2 µl of RNAse (Qiagen) before incubation at
55◦C for 18 hours. After incubation, PowerSoil Kit Solution 1 was added, and samples
subsequently underwent a bead beating step using a Qiagen Tissue Lyser for 5 min at 50 hertz.
The Qiagen DNeasy PowerSoil kit standard instructions were followed post bead beating to
produce DNA samples.
Microbial DNA was amplified using the polymerase chain reaction (PCR) with primer sets
targeting the universal prokaryotic 16S rRNA gene. Degenerate primers designed to amplify the
hypervariable region V3-V4 of the 16S rRNA gene were used and included a forward primer 515F
(5’- GTGYCAGCMGCCGCGGTAA; Parada et al. (2016)) and reverse primer 806R (5’GGACTACN- VGGGTWTCTAAT; Apprill et al. (2015)). Fluidigm linker sequences CS1 (5’ACACTGACGACATGGTTC- TACA) and CS2 (5’- TACGGTAGCAGAGACTTGGTCT) were
added to the 5’ end of both forward and reverse primers to facilitate Illumina MiSeq. The 16S
rRNA gene PCR consisted of a 25 μl reaction with 12.5 μl AmpliTaq Gold 360 Master Mix
(Applied Biosystems), 1.0 μl GC-enhancer, 0.5 μl 515F (10 μM) and 0.5 μl 806R (10 μM), 2.0 μl
of DNA template (40-60 ng) and 8.5 μl nuclease free water (Integrated DNA Technologies,
Coralville, Iowa). Reactions were performed using the following protocol: initial denaturation for
10 min at 95◦C, 30 cycles of 95◦C for 45 s, 50◦C for 60 s, and 72◦C for 90 s, followed by a 10 min
extension at 72°C. The PCR products were then electrophoresed on a 1% agarose gel. The 16S
rRNA PCR amplicons containing Fluidigm linkers were sequenced on an Illumina MiniSeq
System employing V2 chemistry (2 x 150 bp reads) at the University of Illinois at Chicago (UIC)
Research Resources Center’s Sequencing Core. The amplicon sequence variants (ASVs) were
inferred and tabulated across sponge samples using “DADA2” (Callahan et al, 2016) using an
established bioinformatic pipeline (Lesser et al. 2020).
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Analyses of the microbial communities of the sponges were completed utilizing the R
package “PhyloSeq” (McMurdie et al. 2016) in R sensu (Lesser et al. 2020). Samples with fewer
than 10,000 counts were filtered from the ASV count table. Additionally, ASVs detected in more
than 2 samples and had at least 10 occurrences across samples were retained during the filtering
process. The samples were then rarefied in order to account for sampling effort. To test alpha
diversities, the Shannon richness index was used. Ordination plots were produced based on BrayCurtis distances using nonmetric multidimensional scaling (NMDS) (Stress value = <0.0001). To
assess compositional differences at varying taxonomic scales, the rarefied ASV count table was
consolidated by rank using the PhyloSeq “tax_glom” function and then raw counts were
transformed to center log rations using the “transform” function (CLR) from the R package
“microbiome” (Callahan et al. 2016). Phylum and class compositional differences between depths
were tested using PERMANOVA with the Adonis function from the R package “vegan”. Any
differences observed during post hoc testing at class level for taxa between depths were tested
using ANOVA and Tukey’s HSD on dominant taxa (>1% reads).
Metagenomic functional abundances were predicted using “PICRUSt2” v2.1.0–b
(https://github.com/picrust/picrust2/wiki)(Langille et al. 2013; Langille 2018). The 16S rRNA
ASVs inferred by DADA2 were aligned with “HMMER” (Eddy 2008)and then placed in a
reference tree provided by PICRUSt2 using “EPA–ng” and “GAPPA” (Barbera et al. 2019). Gene
family numbers were predicted for 16S rRNA as well as KEGG functions (i.e., EC and KO
accessions) using Hidden State Prediction (“castor”) based on 16S rRNA ASV abundances and
phylogenetic proximity to reference taxa with available genomes. In order to minimize error in
gene content prediction due to poor matches to available genomes, any ASVs receiving NearestSequenced-Taxon-Index (NSTI) scores below two were removed from subsequent analyses.

115

Abundances of biological pathways encoded by microbiomes were then predicted using MinPath
(Ye and Doak 2009). Abundances of KEGG genes of interest (Table 9) were assessed for the effect
of depth with linear regression on relative abundances normalized to the total reads in the sample.
KEGG genes of interest were selected to assess carbon and nitrogen metabolism.
Table 9. Selected KEGG orthology genes from the predictive functional analysis of the sampled
sponge microbiomes.
KEGG

Function Type

Process

Specific Function

K01602

Carbon metabolism

Calvin Cycle

Ribulose-bisphosphate carboxylase small chain

K01601

Carbon metabolism

Calvin Cycle

Ribulose-bisphosphate carboxylase large chain

K01681

Carbon metabolism

Citrate Cycle

Aconitate hydratase (acnA)

K00134

Carbon metabolism

Glycolysis

Glyceraldehyde 3-phosphate dehydrogenase (gapA)

K01638

Carbon metabolism

Glyoxylate cycle

Malate synthase (carbohydrate metabolism)

K01965

Carbon metabolism

Propionyl CoA cylce

Propionyl-CoA carboxylase alpha chain

K02707

Carbon metabolism

Photosynthesis

Photosystem II cytochrome b559 subunit alpha (psbE)

K02705

Carbon metabolism

Photosynthesis

Photosystem II CP43 chlorophyll apoprotein

K01428

Nitrogen metabolism

Ammonification

Urease subunit alpha (ureC)

K00370

Nitrogen metabolism

Denitrification

Nitrate reductase / nitrite oxidoreductase, alpha subunit (narG, NarZ)

K00376

Nitrogen metabolism

Denitrification

Nitrous-oxide reductase (nosZ)

K02588

Nitrogen metabolism

N fixation

Nitrogenase iron protein NifH (nifH)

K02586

Nitrogen metabolism

N fixation

Nitrogenase molybdenum-iron protein alpha chain (nifD)

K02584

Nitrogen metabolism

N fixation

Nif-specific regulatory protein (nifA)

K10944

Nitrogen metabolism

Nitrification

Methane/ammonia monooxygenase subunit A (amoA)

K03385

Nitrogen metabolism

N reduction

Nitrite reductase (cytochrome c-552) (nrfA)

K04561

Nitrogen metabolism

N reduction

Nitric oxide reductase subunit B (norB)

K00366

Nitrogen metabolism

N reduction

Ferredoxin-nitrite reductase (nirA)

K00368

Nitrogen metabolism

N reduction

Nitrite reductase (NO-forming) (nirK)

K01507

Phosphorus metabolism

Phosphate production

Inorganic pyrophosphatase (ppA)

and lipid degradation
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Stable isotope analyses
Subsamples of sponge tissue were collected using a sterile razor. Tissue samples were then dried
at 55℃ for 24 h before pulverizing into a powder using a mortar and pestle. Samples of tissue
were sent to the Marine Biological Laboratory (Woods Hole, MA) for the bulk analysis of
particulate C and N as well as the natural abundance of the stable isotopes 15N and 13C. Prior to
analysis samples were acidified using 1N HCL. We did not observe any significant differences in
15N due to acidification, using paired samples of acidified and acidified tissues (sensu Chapter 2,
4) Samples were analyzed using a Europa ANCA-SL elemental analyzer-gas chromatograph
attached to a continuous-flow Europa 20-20 gas source stable isotope ratio mass spectrometer. The
carbon isotope results are reported relative to Vienna Pee Dee Belemnite and nitrogen isotope
results are reported relative to atmospheric air and both are expressed using the delta ( ) notation
in units per mil (‰). The analytical precision of the instrument is ± 0.1‰, and the mean precision
of sample replicates for 13C was ± 0.4 ‰ and 15N was ± 0.2 ‰.

Proximate Biochemical Composition
When samples arrived at the University of Mississippi, sample wet mass and volume were
recorded.

Samples were then freeze dried, pulverized, and dry sample mass recorded.

Carbohydrates were extracted via incubation of 10 mg freeze dried tissue in 5 mL 5%
trichlororacetic acid (TCA) for 4 h. Concentration of carbohydrates was determined using the
phenol-sulfuric acid method in microplate format described in Masuko et al. (2005). Briefly, 50
µl of TCA digested sample solution or glucose standard, 150 µl of sulfuric acid, and 30 µl of 5%
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phenol was pipetted in triplicate on a 96 well plate and incubated for 10-15 min at 90°C.
Absorbance at 490 nm was then measured using a microplate reader. A standard curve was derived
from glucose standards and used to calculate the concentration of carbohydrates in samples.
Protein was extracted via incubation of 10 mg of freeze-dried tissue in 5 ml of 1 M sodium
hydroxide (NaOH) for 24 h. Soluble protein concentration was then analyzed using the Bradford
Method (Bradford, 1976). 40 ul of NaOH digested sample or BioRad Bovine Serum Albumin
(BSA) standard was mixed with 2 ml of BioRad Quick StartTM Bradford reagent. Absorbance at
600 nm was measured using a spectrophotometer. A standard curve was derived from BSA
standards and used to calculate the concentration of protein in samples. Lipids were extracted
using a modified version of the gravimetric protocol described by Freeman et al. (1957). A 50 mg
sample of freeze-dried tissue was sonicated for 15 min in a 2:1 chloroform to methanol solution
and then filtered into a 50 ml conical tube containing ~20 mL of distilled water. The bottom
organic layer was then pipetted into a pre-weighed scintillation vial. This process was repeated
twice per sample. The methanol-chloroform solution was then evaporated off over a period of 12
h via vacuum centrifugation and the extracted lipids weighed. Inorganic tissue constituents (i.e.,
ash) were measured using methods described by McClintock et al., 1992. A 100 mg sample of
freeze-dried sponge tissue was placed in a pre-weighed aluminum foil weigh-boat that was baked
at 500°C in a muffle furnace for 5 h. All concentrations of proximate biochemical composition
were normalized to ash-free dry weight (AFDW).

Statistical analyses
All statistical analyses were completed in either JMP (v. 14) or R (v. 3.6.2). The effects of depth
and species on microbial community were assessed with PERMANOVA and ANOVA as
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described above. The effects of depth and species on stable isotope ratios and proximate
biochemical composition were assessed using linear regression with depth treated as a continuous
variable. Any variables not meeting the assumptions of normality were log transformed before
analysis.

RESULTS
16s rRNA metabarcoding
A total of 5,908,265 16S rRNA MiniSeq read-pairs were initially recovered from sequencing of
the four sponge species, seawater and sediment pore water. After merging and quality trimming
with DADA2, 5,572,585 read-pairs remained. These ranged from 67,833 to 11,001 with a mean
of 31,483 ± 7,860 reads per sample. A total of 8,507 unique ASVs were initially recovered, but
ASVs unique to two or less samples or with fewer than 10 total observations were removed from
the dataset, resulting in a total of 3,709 unique ASVs for downstream analyses.
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Figure 18. Mean (± SE) alpha diversity quantified using the Shannon diversity index for
Amphimedon compressa, Agelas tubulata, Plakortis angulospiculatus, Xestospongia muta,
sediment pore water and seawater samples from shallow to mesophotic depths. Species or
sample with common superscripts are not significantly different from each other (Tukey’s HSD,
P<0.05)
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Figure 19. A) Mean (± SE) Shannon-alpha diversity index for Amphimedon compressa between
depths. B) Mean (± SE) Shannon-alpha diversity index for Agelas tubulata between depths. C)
Mean (± SE) Shannon-alpha diversity index for Plakortis angulospiculatus between depths. D)
Mean (± SE) Shannon-alpha diversity index for Xestospongia muta between depths. Depths with
common superscripts are not significantly different from each other (Tukey’s HSD, P<0.05)

There were significant differences in mean Shannon-Alpha diversity between different
sponge species, seawater and sediment pore water (ANOVA: F5,125 = 192.63, P <0.0001) (Fig. 18)
with all species and water types significantly different from each other, with the exception of X.
muta and the filtered seawater samples (Tukey’s HSD <0.05) (Fig. 18a). Between the sponge
species, X. muta had the highest mean Shannon-Alpha diversity (4.73 ± 0.07 SE), followed by P.
angulospiculatus (4.15 ± 0.05 SE) and A. tubulata (3.17 ± 0.04 SE), while A. compressa displayed
the lowest mean Shannon-Alpha diversity (2.66 ± 0.06 SE). There was no significant effect of
depth on Shannon-Alpha diversity for A. compressa (ANOVA: F4,22 = 0.52, P = 0.71) (Fig. 19a)
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For A. tubulata, there was no significant effect of depth on mean Shannon-Alpha diversity
(ANOVA: F5,30 = 0.71, P = 0.623) (Fig. 19b). There was no significant effect of depth on ShannonAlpha diversity for P. angulospiculatus (ANOVA: F4,22 = 1.77, P = 0.17) (Fig. 19c). For X. muta,
there was a significant effect of depth on mean Shannon-Alpha diversity (ANOVA: F4,25 = 3.81,
P = 0.017), with the highest mean Shannon-Alpha diversity at 76 m and the lowest at 15 m, with
all other depths as intermediates (Tukey’s HSD <0.05) (Fig. 19d).

Figure 20. Multidimensional analysis of the β-diversity estimates using Bray–Curtis distance
matrices of ASV composition for Amphimedon compressa, Agelas tubulata, Plakortis
angulospiculatus, Xestospongia muta, sediment pore water and seawater microbial community
composition. The 95% confidence interval (CI) ellipses are drawn to show the species or sample
type groupings.
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Figure 21. Mean relative abundance (percentage) from the dominant Classes (comprising > 1%
of reads) in the Amphimedon compressa microbiome along a shallow to mesophotic depth
gradient.
The non-metric multidimensional scaling analysis of the Beta diversity using Bray-Curtis
distance matrixes showed significant differences in microbial community ASV composition
between sponge species or sample type (PERMANOVA: F5,125 = 44.68, P = 0.001) (Fig. 20).
Seawater samples showed an effect of depth on microbial community composition at Class level
(PERMANOVA: F5,125 = 44.68, P = 0.001) but not at the phylum level (Fig. S1). There were
significant reductions in the classes Oxyphotobacteria, Bacteriodia, Gammaproteobacteria and
Alphaproteobacteria with depth (Tukey’s HSD <0.05), while there were significant increases in
the Dehalococcidia, Deltaproteobacteria and Acidimicrobiia with depth (Tukey’s HSD <0.05)
(Fig. S1). In the LMA sponge, A. compressa, both phylumphylum composition (PERMANOVA:
F4,22 = 1.93, P = 0.048) and class level composition (PERMANOVA: F4,22 = 1.90, P = 0.009) of
the microbiome were significantly different between depths (Fig. 21). This was driven by increases
of the class Nitrososphaeria within the phylum Thaumarchaeota as depth increased and decreases
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in the class Planctomycetacia (phylum Plantomyctes) as depth increased (Tukey’s HSD <0.05).
No significant differences were observed between depths in phylumphylum composition
(PERMANOVA: F4,30 = 0.96, P = 0.511) or class level composition (PERMANOVA: F4,30 = 1.08,
P = 0.31) in the microbiome of A. tubulata (Fig. 22).

Figure 22. Mean relative abundance (percentage) from the dominant Classes (comprising > 1%
of reads) in the Agelas tubulata microbiome along a shallow to mesophotic depth gradient.

In the microbiome of P. angulospiculatus, there was no significant differences between
depths in phylum composition (PERMANOVA: F4,25 = 1.93, P = 0.234) but there was a significant
effect of depth on class level composition (PERMANOVA: F4,25 = 1.56, P = 0.006) (Fig. 23). Posthoc testing showed that the class Nitrososphaeria within the phylum Thaumarchaeota increased
as depth increased to 61 m (Tukey’s HSD <0.05). There were significant decreases in the classes
Entotheonellia (phylum Entotheonellaeota) and Acidobacteriia (phylum Acidobacteria) at 46 m
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relative to all other depths, while the class Alphaproteobacteria (phylum Proteobacteria)
increased at 46 m relative to all other depths (Tukey’s HSD <0.05). The class Spirochaetia
(phylum Spirochaetes) showed a significant increase between 30 m and 46 m, but all other depths
showed no significant differences (Tukey’s HSD <0.05). The class “P9X2b3D02” of the phylum
Nitrospinae significantly decreased at 61 m compared to 15 m and 46 m, and it was found in its
highest abundance at 46 m (Tukey’s HSD <0.05) (Fig. 23).

Figure 23. Mean relative abundance (percentage) from the dominant Classes (comprising > 1%
of reads) in the Plakortis angulospiculatus microbiome along a shallow to mesophotic depth
gradient.

For X. muta, both phylum composition (PERMANOVA: F4,25 = 2.98, P = 0.001) and class
level composition (PERMANOVA: F4,25 = 2.22, P = 0.001) of the microbiome were significantly
different between depths (Fig. 24). Post-hoc testing showed that the classes “TK17” and
Anaerolineae of the phylum Chloroflexi, the class Thermoanaerobaculia of the phylum
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Acidiobacteria and the Alphaproteobacteria of the phylum Proteobactieria showed significant
decreases in abundance with increasing depth to 91 m (Tukey’s HSD <0.05). The classes
Nitrospira (phylum Nitrospirae), Deinococci (phylum Deinoccocus), Entotheonellia (phylum
Entotheonellaeota) and Spirochaetia (phylum Spirochaetes) showed significant increases in
abundance as depth increased (Tukey’s HSD <0.05). The class Rhodothermia (Phylum
Bacteriodites) were showed significant increases in abundance after after 30 m (Tukey’s HSD
<0.05). The class “Sub Group 6” of the Acidobacteria was significantly higher at 91 m compared
to all other depths (Tukey’s HSD <0.05) (Fig. 24).

Figure 24. Mean relative abundance (percentage) from the dominant Classes (comprising > 1%
of reads) in the Xestospongia muta microbiome along a shallow to mesophotic depth gradient.
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Functional profiling of selected KEGG orthologs
The mean NSTI score for the sampled sponges was 0.41 (± 0.09 SE) and ranged from 0.03 to 0.53.
In samples from Amphimedon compressa, KEGG genes for Aconitate hydratase (K01681),
Propionyl-CoA carboxylase alpha chain (K01965), Nitrous-oxide reductase (K00376),
Methane/ammonia monooxygenase subunit A (K10944), Nitric oxide reductase subunit B
(K04561), Nif-specific regulatory protein (nifA) (K02584) and Nitrite reductase (K00368) showed
a significant decrease in relative abundance with increasing depth (linear regression P <0.05,
summarized in Table 9). KEGG genes for Ribulose-bisphosphate carboxylase small chain
(K01602),

Ribulose-bisphosphate

carboxylase

large

chain

(K01601)

and

Inorganic

pyrophosphatase (K01507) showed a significant increase in relative abundance with increasing
depth (linear regression P <0.05, summarized in Table 9).
In samples from Agelas tubulata, KEGG genes for Aconitate hydratase (K01681),
Glyceraldehyde 3-phosphate dehydrogenase (K00134), Nitrate reductase / nitrite oxidoreductase
(K00370), Nitrous-oxide reductase (K00376), Methane/ammonia monooxygenase (K10944),
Nitric oxide reductase (K04561), Nif-specific regulatory protein (nifA) (K02584) and Nitrite
reductase (K00368) showed a significant decrease in relative abundance with increasing depth
(linear regression P <0.05, summarized in Table 10). KEGG genes for Ribulose-bisphosphate
carboxylase large chain (K01601), Photosystem II cytochrome b559 subunit alpha (K02707),
Photosystem II CP43 chlorophyll apoprotein (K02705), Inorganic pyrophosphatase (K01507),
Nitrite reductase (K0385) showed a significant increase in relative abundance with increasing
depth (linear regression P <0.05, summarized in Table 10).
In samples from Plakortis angulospiculatus, KEGG genes for Glyceraldehyde 3-phosphate
dehydrogenase (K00134), Malate synthase (K01638), Propionyl-CoA carboxylase alpha chain
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(K01965), Photosystem II cytochrome b559 subunit alpha (K02707), Photosystem II CP43
chlorophyll apoprotein (K02705), Urease subunit alpha (K01428), Inorganic pyrophosphatase
(K01507), Nitrogenase iron protein NifH (K02588), Nitrogenase molybdenum-iron protein alpha
chain (K02586), Nitrite reductase (K03385) and Ferredoxin-nitrite reductase (K00366) showed a
significant decrease in relative abundance as with increasing depth (linear regression P <0.05,
summarized in Table 11). KEGG genes for Aconitate hydratase (K01681), Nitrite reductase
(K00368),

Nif-specific

regulatory

protein

(nifA)

(K02584)

and

Methane/ammonia

monooxygenase subunit A (K10944) showed a significant increase in relative abundance with
increasing depth (linear regression P <0.05, summarized in Table 11).
In samples from Xestospongia muta, KEGG genes for Ribulose-bisphosphate carboxylase
small chain (K01602), Ribulose-bisphosphate carboxylase large chain (K01601), Photosystem II
cytochrome b559 subunit alpha (K02707), Photosystem II CP43 chlorophyll apoprotein (K02505)
and Nitrite reductase (K03385) showed a significant decrease in relative abundance as with
increasing depth (linear regression P <0.05, summarized in Table 12). The KEGG genes for
Aconitate hydratase (K01681), Nif-specific regulatory protein (nifA) (K02584) and nitrate
reductase / nitrite oxidoreductase (K0370) showed a significant increase in relative abundance with
increasing depth (linear regression P <0.05, summarized in Table 12).
Table 10. Selected KEGG orthology genes from the predictive functional analysis of the
Amphimedon compressa microbiome and the effect of increasing depth on the relative abundance
of the KEGG genes.
KEGG

Function Type

Process

Specific Function

Depth Regression
(t:23)

Effect of
Increasing
Depth

K01602

Carbon metabolism

Calvin Cycle

Ribulose-bisphosphate

P < 0.001, R2 =

carboxylase small chain

0.410

Increase
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K01601

K01681

Carbon metabolism

Carbon metabolism

Calvin Cycle

Citrate Cycle

Ribulose-bisphosphate

P < 0.001, R2 =

carboxylase large chain

0.398

Aconitate hydratase (acnA)

P = 0.003, R2 =

Increase

Decrease

0.337
K00134

K01638

K01965

K02707

K02705

K01428

Carbon metabolism

Carbon metabolism

Carbon metabolism

Carbon metabolism

Carbon metabolism

Nitrogen metabolism

Glyceraldehyde 3-phosphate

P = 0.121, R2 =

dehydrogenase (gapA)

0.111

Glyoxylate

Malate synthase (carbohydrate

P = 0.839, R2 =

cycle

metabolism)

0.002

Propionyl CoA

Propionyl-CoA carboxylase

P = 0.006, R2 =

cylce

alpha chain

0.304

Photosynthesis

Photosystem II cytochrome

P = 0.085, R2 =

b559 subunit alpha (psbE)

0.134

Photosystem II CP43

P = 0.085, R2 =

chlorophyll apoprotein

0.135

Urease subunit alpha (ureC)

P = 0.569, R2 =

Glycolysis

Photosynthesis

Ammonification

N/A

N/A

Decrease

N/A

N/A

N/A

0.015
K00370

Nitrogen metabolism

Denitrification

Nitrate reductase / nitrite

P = 0.056 R2 =

oxidoreductase, alpha subunit

0.163

N/A

(narG, NarZ)
K00376

K02588

K02586

Nitrogen metabolism

Nitrogen metabolism

Nitrogen metabolism

Denitrification

N fixation

N fixation

Nitrous-oxide reductase

P = 0.001, R2 =

(nosZ)

0.386

Nitrogenase iron protein NifH

P = 0.633, R2 =

(nifH)

0.011

Nitrogenase molybdenum-iron

P = 0.995, R2 = 0

N/A

P = 0.009, R2 = 0.28

Decrease

Methane/ammonia

P < 0.001, R2 =

Decrease

monooxygenase subunit A

0.412

Decrease

N/A

protein alpha chain (nifD)
K02584

Nitrogen metabolism

N fixation

Nif-specific regulatory protein
(nifA)

K10944

Nitrogen metabolism

Nitrification

(amoA)
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K03385

K04561

K00366

Nitrogen metabolism

Nitrogen metabolism

Nitrogen metabolism

N reduction

N reduction

N reduction

Nitrite reductase (cytochrome

P = 0.756, R2 =

c-552) (nrfA)

0.005

Nitric oxide reductase subunit

P = 0.024, R2 =

B (norB)

0.219

Ferredoxin-nitrite reductase

P = 0.967, R2 = 0

N/A

Nitrite reductase (NO-

P < 0.001, R2 =

Decrease

forming) (nirK)

0.425

N/A

Decrease

(nirA)
K00368

K01507

Nitrogen metabolism

N reduction

Phosphorus

Phosphate

Inorganic pyrophosphatase

P < 0.001, R2 =

metabolism

degradation

(ppA)

0.606

Decrease

Table 11. Selected KEGG orthology genes from the predictive functional analysis of the Agelas
tubulata microbiome and the effect of increasing depth on the relative abundance of the KEGG
genes.
KEGG

Function Type

Process

Specific Function

Depth Regression
(t:29)

Effect of
Increasing
Depth

K01602

K01601

K01681

Carbon metabolism

Carbon metabolism

Carbon metabolism

Calvin Cycle

Calvin Cycle

Citrate Cycle

Ribulose-bisphosphate

P < 0.001, R2 =

carboxylase small chain

0.409

Ribulose-bisphosphate

P < 0.001, R2 =

carboxylase large chain

0.416

Aconitate hydratase (acnA)

P < 0.001, R2 =

Increase

Increase

Decrease

0.414
K00134

K01638

K01965

K02707

Carbon metabolism

Carbon metabolism

Carbon metabolism

Carbon metabolism

Glyceraldehyde 3-phosphate

P = 0.002, R2 =

dehydrogenase (gapA)

0.281

Glyoxylate

Malate synthase (carbohydrate

P = 0.463, R2 =

cycle

metabolism)

0.019

Propionyl CoA

Propionyl-CoA carboxylase

P = 0.007, R2 =

cylce

alpha chain

0.221

Photosynthesis

Photosystem II cytochrome

P = 0.006, R2 =

b559 subunit alpha (psbE)

0.232

Glycolysis

Decrease

N/A

Decrease

Increase

130

K02705

K01428

Carbon metabolism

Nitrogen metabolism

Photosynthesis

Ammonification

Photosystem II CP43

P = 0.006, R2 =

chlorophyll apoprotein

0.232

Urease subunit alpha (ureC)

P = 0.083, R2 =

Increase

N/A

0.100
K00370

Nitrogen metabolism

Denitrification

Nitrate reductase / nitrite

P = 0.002, R2 =

oxidoreductase, alpha subunit

0.273

Decrease

(narG, NarZ)
K00376

K02588

Nitrogen metabolism

Nitrogen metabolism

Denitrification

N fixation

Nitrous-oxide reductase

P < 0.001, R2 =

(nosZ)

0.352

Nitrogenase iron protein NifH

P = 0.937, R2 = 0

N/A

Nitrogenase molybdenum-iron

P = 0.655, R2 =

N/A

protein alpha chain (nifD)

0.007

Nif-specific regulatory protein

P < 0.001, R2 = 0.42

Decrease

Methane/ammonia

P < 0.001, R2 =

Decrease

monooxygenase subunit A

0.354

Decrease

(nifH)
K02586

K02584

Nitrogen metabolism

Nitrogen metabolism

N fixation

N fixation

(nifA)
K10944

Nitrogen metabolism

Nitrification

(amoA)
K03385

K04561

K00366

K00368

K01507

Nitrogen metabolism

Nitrogen metabolism

Nitrogen metabolism

Nitrogen metabolism

N reduction

N reduction

N reduction

N reduction

Nitrite reductase (cytochrome

P = 0.001, R2 =

c-552) (nrfA)

0.302

Nitric oxide reductase subunit

P = 0.011, R2 =

B (norB)

0.200

Ferredoxin-nitrite reductase

P = 0.851, R2 =

(nirA)

0.001

Nitrite reductase (NO-

P < 0.001, R2 =

forming) (nirK)

0.498

Phosphorus

Phosphate

Inorganic pyrophosphatase

P < 0.001, R2 =

metabolism

degradation

(ppA)

0.516

Increase

Decrease

N/A

Decrease

Decrease
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Table 12. Selected KEGG orthology genes from the predictive functional analysis of the
Plakortis angulospiculatus microbiome and the effect of increasing depth on the relative
abundance of the KEGG genes.
KEGG

Function Type

Process

Specific Function

Depth Regression
(t:25)

Effect of
Increasing
Depth

K01602

Carbon metabolism

Calvin Cycle

P = 0.933, R2 = 0

N/A

Ribulose-bisphosphate

P = 0.933, R2 =

N/A

carboxylase large chain

0.028

Aconitate hydratase (acnA)

P < 0.001, R2 =

Ribulose-bisphosphate
carboxylase small chain

K01601

K01681

Carbon metabolism

Carbon metabolism

Calvin Cycle

Citrate Cycle

Increase

0.503
K00134

K01638

K01965

K02707

K02705

K01428

Carbon metabolism

Carbon metabolism

Carbon metabolism

Carbon metabolism

Carbon metabolism

Nitrogen metabolism

Glyceraldehyde 3-phosphate

P < 0.001, R2 =

dehydrogenase (gapA)

0.437

Glyoxylate

Malate synthase (carbohydrate

P < 0.001, R2 =

cycle

metabolism)

0.412

Propionyl CoA

Propionyl-CoA carboxylase

P < 0.001, R2 =

cylce

alpha chain

0.481

Photosynthesis

Photosystem II cytochrome

P < 0.001, R2 =

b559 subunit alpha (psbE)

0.483

Photosystem II CP43

P < 0.001, R2 =

chlorophyll apoprotein

0.483

Urease subunit alpha (ureC)

P < 0.001, R2 =

Glycolysis

Photosynthesis

Ammonification

Decrease

Decrease

Decrease

Decrease

Decrease

Decrease

0.490
K00370

Nitrogen metabolism

Denitrification

Nitrate reductase / nitrite

P = 0.089 R2 =

oxidoreductase, alpha subunit

0.111

N/A

(narG, NarZ)
K00376

K02588

Nitrogen metabolism

Nitrogen metabolism

Denitrification

N fixation

Nitrous-oxide reductase

P < 0.001, R2 =

(nosZ)

0.010

Nitrogenase iron protein NifH

P < 0.001, R2 =

(nifH)

0.406

Decrease

Decrease
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K02586

Nitrogen metabolism

N fixation

P = 0.01, R2 = 0.203

Increase

Nif-specific regulatory protein

P = 0.0332, R2 =

Increase

(nifA)

0.17

Methane/ammonia

P = 0.03, R2 = 0.162

Increase

Nitrite reductase (cytochrome

P < 0.001, R2 =

Decrease

c-552) (nrfA)

0.513

Nitric oxide reductase subunit

P = 0.051, R2 =

B (norB)

0.144

Ferredoxin-nitrite reductase

P = 0.021, R2 =

(nirA)

0.196

Nitrite reductase (NO-

P = 0.022, R2 =

forming) (nirK)

0.192

Nitrogenase molybdenum-iron
protein alpha chain (nifD)

K02584

K10944

Nitrogen metabolism

Nitrogen metabolism

N fixation

Nitrification

monooxygenase subunit A
(amoA)
K03385

K04561

K00366

K00368

K01507

Nitrogen metabolism

Nitrogen metabolism

Nitrogen metabolism

Nitrogen metabolism

N reduction

N reduction

N reduction

N reduction

Phosphorus

Phosphate

Inorganic pyrophosphatase

P = 0.009, R2 =

metabolism

degradation

(ppA)

0.239

N/A

Decrease

Increase

Decrease

Table 13. Selected KEGG orthology genes from the predictive functional analysis of the
Xestospongia muta microbiome and the effect of increasing depth on the relative abundance of
the KEGG genes.
KEGG

Function Type

Process

Specific Function

Depth Regression
(t:24)

Effect of
Increasing
Depth

K01602

K01601

K01681

Carbon metabolism

Carbon metabolism

Carbon metabolism

Calvin Cycle

Calvin Cycle

Citrate Cycle

Ribulose-bisphosphate

P = 0.008, R2 =

carboxylase small chain

0.254

Ribulose-bisphosphate

P = 0.099, R2 =

carboxylase large chain

0.246

Aconitate hydratase (acnA)

P = 0.008, R2 =

Decrease

Decrease

Increase

0.253
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K00134

K01638

K01965

K02707

K02705

Carbon metabolism

Carbon metabolism

Carbon metabolism

Carbon metabolism

Carbon metabolism

Glyceraldehyde 3-phosphate

P = 0.553, R2 =

dehydrogenase (gapA)

0.015

Glyoxylate

Malate synthase (carbohydrate

P = 0.347, R2 =

cycle

metabolism)

0.037

Propionyl CoA

Propionyl-CoA carboxylase

P = 0.923, R2 = 0

N/A

cylce

alpha chain

Photosynthesis

Photosystem II cytochrome

P = 0.001, R2 =

Decrease

b559 subunit alpha (psbE)

0.366

Photosystem II CP43

P = 0.001, R2 =

chlorophyll apoprotein

0.366

Glycolysis

Photosynthesis

N/A

N/A

Decrease

K01428

Nitrogen metabolism

Ammonification

Urease subunit alpha (ureC)

P = 0.01, R2 = 0.244

Decrease

K00370

Nitrogen metabolism

Denitrification

Nitrate reductase / nitrite

P = 0.007, R2 =

Increase

oxidoreductase, alpha subunit

0.266

(narG, NarZ)
K00376

K02588

K02586

K02584

K10944

Nitrogen metabolism

Nitrogen metabolism

Nitrogen metabolism

Nitrogen metabolism

Nitrogen metabolism

Denitrification

N fixation

N fixation

N fixation

Nitrification

Nitrous-oxide reductase

P = 0.348, R2 =

(nosZ)

0.037

Nitrogenase iron protein NifH

P = 0.075, R2 =

(nifH)

0.126

Nitrogenase molybdenum-iron

P = 0.142, R2 =

protein alpha chain (nifD)

0.088

Nif-specific regulatory protein

P = 0.0152, R2 =

(nifA)

0.23

Methane/ammonia

P = 0.567, R2 =

monooxygenase subunit A

0.014

N/A

N/A

N/A

Increase

N/A

(amoA)
K03385

K04561

Nitrogen metabolism

Nitrogen metabolism

N reduction

N reduction

Nitrite reductase (cytochrome

P = 0.025, R2 =

c-552) (nrfA)

0.192

Nitric oxide reductase subunit

P = 0.249, R2 =

B (norB)

0.055

Decrease

N/A
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K00366

K00368

Nitrogen metabolism

Nitrogen metabolism

N reduction

N reduction

Ferredoxin-nitrite reductase

P = 0.057, R2 =

(nirA)

0.143

Nitrite reductase (NO-

P = 0.54, R2 = 0.016

N/A

N/A

forming) (nirK)
K01507

Phosphorus

Phosphate

Inorganic pyrophosphatase

metabolism

degradation

(ppA)

P = 0.31, R2 = 0.043

Stable isotope analyses
In isotopic niche space, the HMA sponges P. angulospiculatus and X. muta grouped separately
from each other. The HMA sponge A. tubulata grouped with the LMA sponge A. compressa. (Fig.
25). In A. compressa, there was a significant effect of depth on 15N (t(17) = 2.21, P = 0.042),
with increased 15N as depth increased into the mesophotic zone (Fig. 26a, Table 14). There was
no significant effect of depth on the 13C (t(17) = 0.972, P = 0.338) or molar C:N ratios (t(17) =
0.007, P = 0.933) (Fig. 26b, Table 14). For A. tubulata, there was a significant effect of depth on
molar C:N ratios (t(23) = 3.08, P = 0.005), with increased C:N ratios as depth increased (Table
14). There were no significant effects of depth for 13C (t(23) = -1.40, P = 0.174) or 15N (t(23) =
1.78, P = 0.08) (Fig. 26b). There were significant effects of depth in the 13C (t(28) = -2.88, P =
0.007) and 15N (t(28) = 3.93, P = 0.02) of P. angulospiculatus, as 13C decreased with increasing
depth, while 15N increased as depth increased (Fig. 25c, Table 14). There was no significant effect
of depth on the molar C:N ratios of this sponge (t(28) = 1.43, P = 0.164) (Table 14). There was a
significant effect of depth on X. muta 15N (t(28) = 3.12, P = 0.002), with increased 15N as depth
increased (Fig. 26d, Table 14). There were no significant effects of depth on 13C (t(21) = 0.99, P
= 0.334) or molar C:N ratios (t(21) = 0.25, P = 0.803) (Fig. 26d, Table 14).
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Table 14. Mean (± SE) 13C, 15N and molar C:N ratios from Amphimedon compressa, Agelas
tubulata, Plakortis angulospiculatus and Xestospongia muta along the sampling depth gradient.

Species
Amphimedon compressa

Agelsa tubulata

Plakortis angulospiculatus

Xestospongia muta

Depth (m)

13C

15N

Molar C:N Ratio

15 (n=8)

-17.76 (0.28)

3.31 (0.11)

4.01 (0.07)

22 (n=3)

-17.97 (0.15)

3.48 (0.16)

4.13 (0.08)

30 (n=3)

-18.76 (0.28)

2.75 (0.05)

4.54 (0.17)

46 (n=3)

-17.93 (0.18)

3.49 (0.13)

4.13 (0.08)

61 (n=3)

-17.25 (0.41)

3.90 (0.04)

4.04 (0.12)

15 (n=8)

-18.00 (0.13)

2.67 (0.11)

4.10 (0.12)

22 (n=5)

-16.91 (0.18)

4.05 (0.15)

3.89 (0.09)

30 (n=5)

-17.08 (0.21)

3.91 (0.23)

3.9 (0.16)

46 (n=5)

-18.26 (0.25)

3.43 (0.17)

4.82 (0.06)

61 (n=5)

-17.78 (0.28)

4.02 (0.18)

4.38 (0.17)

15 (n=5)

-19.43 (0.24)

1.41 (0.38)

8.41 (0.65)

22 (n=5)

-19.48 (0.06)

1.55 (0.17)

8.12 (0.52)

30 (n=5)

-19.54 (0.21)

2.61 (0.20)

9.12 (0.75)

46 (n=5)

-19.77 (0.19)

1.71 (0.03)

8.75 (0.45)

61 (n=5)

-20.05 (0.19)

3.21 (0.31)

9.61 (0.81)

15 (n=7)

-19.08 (0.12)

3.37 (0.19)

4.97 (0.18)

30 (n=6)

-19.47 (0.26)

4.18 (0.09)

5.49 (0.16)

61 (n=6)

-20.13 (0.27)

4.28 (0.23)

7.07 (0.39)

76 (n=5)

-20.17 (0.11)

4.86 (0.17)

7.32 (0.07)

91 (n=5)

-18.59 (0.14)

4.92 (0.21)

4.98 (0.10)
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Figure 25. Bivariate plot of 13C and 15N of Amphimedon compressa, Agelas tubulata,
Plakortis angulospiculatus and Xestospongia muta. The 95% confidence interval (CI) ellipses
show the species groupings.
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Figure 26. A) Bivariate plot of mean (± SE) 13C and 15N from Amphimedon compressa
between depths. B) Bivariate plot of mean (± SE) 13C and 15N from Agelas tubulata between
depths. C) Bivariate plot of mean (± SE) 13C and 15N from Plakortis angulospiculatus between
depths. D) Bivariate plot of mean (± SE) 13C and 15N from Xestospongia muta between depths.
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Proximate Biochemical Composition
There were significant effects of depth on concentration of carbohydrates (mg g-1 AFDW) (t(21)
= 4.42, P = 0.0003), soluble protein (mg g-1 AFDW) (t(21) = 3.25, P = 0.004) and lipids (mg g-1
AFDW) (t(21) = -4.84, P < 0.0001) in A. compressa. As depth increased, carbohydrates and soluble
protein increased while lipids decreased in concentration (Table 15). There was no significant
effect of depth on total energetic content (kJ g-1 AFDW) (t(21) = -1.26, P = 0.22) in A. compressa.
For A. tubulata, there were significant effects of depth on concentration of carbohydrates (mg g-1
AFDW) (t(29) = 4.29, P = 0.0002), soluble protein (mg g-1 AFDW) (t(29) = 3.40, P = 0.0021),
lipids (mg g-1 AFDW) (t(29) = -6.45, P < 0.0001) and total energetic content (kJ g-1 AFDW) (t(29)
= -2.23, P = 0.034). As depth increased, carbohydrates and soluble protein concentrations
increased while lipids and total energetic content decreased (Table 15). In P. angulospiculatus,
there were no significant effects of depth on concentration of carbohydrates (mg g-1 AFDW) (t(29)
= 0.91, P = 0.375), soluble protein (mg g-1 AFDW) (t(29) = -0.11, P = 0.911), lipids (mg g-1
AFDW) (t(29) = -0.64 P = 0.526) and total energetic content (kJ g-1 AFDW) (t(29) = 1.96, P =
0.062). In X. muta, there were significant effects of depth on concentration of carbohydrates (mg
g-1 AFDW) (t(29) = 7.11, P = 0.0001), soluble protein (mg g-1 AFDW) (t(29) = 3.63, P = 0.0013),
lipids (mg g-1 AFDW) (t(29) = -3.05, P < 0.0055) and total energetic content (kJ g-1 AFDW) (t(29)
= 3.72, P = 0.0011). As depth increased, carbohydrates, soluble protein and total energetic content
concentrations increased while lipid concentrations decreased (Table 15).
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Table 15. Mean (± SE) carbohydrates (mg g-1 AFDW), soluble protein (mg g-1 AFDW), Lipids (mg g-1
AFDW) and energetic content (kJ g-1 AFDW) from in sponge tissue from Amphimedon compressa,
Agelas tubulata, Plakortis angulospiculatus and Xestospongia muta as a function of depth.
Species
Amphimedon compressa

Agelas tubulata

Plakortis
angulospiculatus

Xestospongia muta

Depth (m)

Carbohydrates

Protein

Lipids

Energetic
Content
36.02 (0.93)

15 (n=10)

6.36 (2.62)

42.25 (8.90)

22 (n=3)

125.69 (5.42)

173.45 (8.41)

270.14
(12.43)
33.90 (8.72)

30 (n=3)

128.78 (10.18)

119.70 (8.18)

27.15 (3.59)

38.15 (0.51)

46 (n=3)

125.46 (9.97)

152.20 (9.06)

62.42 (29.71)

36.35 (0.50)

61 (n=3)

118.32 (21.99)

130.42
(22.40)

20.61 (9.92)

33.13 (1.82)

15 (n=10)

14.54 (1.43)

154.23 (9.13)

35.43 (1.45)

22 (n=5)

109 (5.64)
96.43 (3.90)

132.63
(19.57)
60.75 (5.52)

32.37 (0.16)

30 (n=5)
46 (n=5)

98.39 (8.50)

75.79 (9.90)

30.95 (0.22)

61 (n=5)

97.70 (3.94)

336.17
(13.82)
423.08
(15.22)
458.36
(11.57)
474.58
(15.26)
418.92
(11.11)

45.28 (7.09)

32.37 (0.70)

15 (n=5)

182.16 (10.09)

102.43 (4.64)

33.25 (0.58)

22 (n=5)

208.18 (36.84)

99.54 (19.14)

33.31 (0.45)

30 (n=5)

190.83 (15.69)
253.70 (54.08)

103.21
(15.50)
94.77 (11.83)

34.82 (0.36)

46 (n=5)
61 (n=5)

219.08 (63.58)

186.55
(12.46)
271.50
(79.03)
220.56
(39.75)
237.30
(46.21)
205.15
(24.59)

93.44 (9.56)

38.49 (3.73)

15 (n=4)

66.92 (5.62)
184.57 (12.95)

223.98
(18.22)
83.86 (9.56)

45.14 (1.98)

30 (n=6)
61 (n=6)

184.07 (11.70)
220.71 (15.47)

124.95
(24.51)
72.29 (6.26)

46.25 (1.57)

76 (n=5)
91 (n=5)

322.73 (21.04)

182.72
(22.85)
242.46
(20.71)
310.03
(13.17)
284.82
(15.30)
280.82
(14.27)

84.67 (8.00)

61.33 (1.64)

36.27 (1.22)

32.89 (0.65)

33.21 (0.80)

48.13 (2.31)

49.33 (1.34)
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Discussion
While Caribbean MCEs are characterized by steep gradients in available PAR (Chapter 2, Lesser
et al. 2009; Morrow et al. 2016; Lesser et al. 2018) which results in transitions in trophic strategy
from photoautotrohpy to heterotrophy as depth increases in corals and sponges (Lesser et al. 2009,
2010, 2018, 2019; Slattery et al. 2011), there are also predictable gradients in the principle food
sources for both sponges and their associated microbiota. At the sampling site in Grand Cayman,
three sampling periods over 18 months showed increasing POC and PON at this site during each
sampling (Chapter 2; Lesser et al. 2019) and while the overall abundance of those resources
changed between samplings, there was consistently more POC and PON available to sponges at
mesophotic depths. The increase in sponge growth rates and sponge abundances is driven primarily
by this POM availability (Chapter 1, 2; Lesser 2006; Trussell et al. 2006; Slattery & Lesser 2015)
However, the principle trophic resources for the microbiome of Caribbean reef sponges, DOC and
DON, showed significant reductions in concentration as depth increased from 0 m to 91 m (~ 50%
and 80% respectively), which could have an impact on the community structure and function of
these associated microbes and the biogeochemical cycling by sponges on MCEs. Interestingly,
another important resource for sponge associated microbiota, DIN, increased with depth by 1 to 2
orders of magnitude (Chapter 2, Fig. 11) which has been previously shown to confer stability on
the microbiome of X. muta (Morrow et al. 2016). This pattern on Grand Cayman is contrary to
observations at the neighboring island of Little Cayman, which had no such increase in DIN with
depth (Morrow et al. 2016) highlighting the importance of assessing environmental variables in
conjunction to microbial studies in sponges, even between reefs in the same biogeographic
province. As these gradients in resources will likely have an effect on trophic utilization patterns
of both the sponge and its microbiome, or the biogeochemical cycling by a sponge microbiome,
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quantifying these resources is crucial. We found that the gradients in abiotic and biotic factors
resulted in species-specific shifts in associated microbe community structure and function, and
that increased consumption of POM affected energetic strategy between depths. Additionally, all
sponges increased consumption of POM at mesophotic depths.
The sponges sampled in this study show a similar pattern of species-specific microbial
communities (Fig. 20) previously observed in many species (Thomas et al. 2016; Pita et al. 2018).
The HMA sponge microbiomes are significantly separated at the species level using Bray Curtis
Diversity metrics, while the microbiome of the LMA sponge, A. compressa, displays higher
similarity to the microbial community of seawater from this site. This pattern has also been
observed previously in LMA sponges, which generally show a higher similarity to seawater
microbial communities compared to HMA sponges (Gloeckner et al. 2014; Moitinho‐Silva et al.
2014). Interestingly, there is some disparity in the alpha diversity metric (Shannon’s) between A.
compressa and seawater (Fig. 18), which is likely driven by a higher abundance of unique ASVs
that could be present in the seawater samples relative to samples from A. compressa. The alpha
diversity scores of the HMA sponges are significantly higher relative to the LMA sponge, which
is not surprising given the microbial diversity these sponges harbor (Thacker & Freeman, 2012;
Fiore et al. 2013, 2015, 2020; Morrow et al. 2016; Pita et al. 2018; Gannt et al. 2019). Additionally,
the alpha and beta diversity metrics reinforce the HMA-LMA dichotomy and indicate that there
are clear differences in the microbial composition and abundances of the microbiome between the
two functional classifications. The highest mean Shannon-alpha diversity score was recorded in X.
muta, which is known to harbor dense and diverse communities of symbionts, and this diversity
increased significantly with depth (Fig. 19d), while all other sponge species showed no significant
changes between the sampled depths. The small but significant change with depth in X. muta is
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most likely a reflection of a shift in symbionts towards heterotrophy as there is a steep gradient in
PAR availability at this site (Chapter 2, Fig. 7) or increases in more rare microbial fauna occupying
trophic niches not available to them in the sponge on shallow coral reefs.
The microbial community structure of the HMA sponges in this study is similar to previous
studies on the same species, with the dominant phyla consisting of the Proteobacteria,
Thaumarchaeota, Acidobacteria, Actinobacteria and Chloroflexi, while the LMA sponge A.
compressa was associated primarily with the Proteobacteria and Cyanobacteria (Thomas et al.
2016; Pita et al. 2018) (Fig. 21-24). These phyla are commonly associated with a wide range of
marine sponges and have been described as the “core” phyla of marine sponges (Pita et al. 2018).
The similarity of the A. compressa microbiome to sea water appears to be associatied primarily
with the presence of Proteobacteria and Cyanobacteria (Fig. 21, S1), which also concurs with
previous studies on a variety of LMA sponges (Thacker & Freeman 2012; Steinert et al. 2016;
Thomas et al. 2016; Pita et al. 2018; Gannt et al. 2019). While HMA sponges share many of the
same phyla, the relative abundance of each varies for each species (Fig. 22-24), indicating that
while these phyla play important roles in sponges overall their contributions to the trophic ecology,
or chemical ecology, will likely vary between species based on their relative abundances. This
may facilitate trophic niche separation as suggested by Morganti et al. (2017) which is reflected in
the stable isotopic composition of the sampled sponges from this study (Fig. 25). The microbial
associations of sponges remain species-specific at both local and regional biogeographic scales
(Thacker & Freeman 2012; Steinert et al. 2016; Pita et al. 2018), and our results along the depth
gradient show the same pattern of species-specificity in the sponge microbiomes. However, along
local gradients such as our depth series, the microbiomes within each species can undergo

143

significant changes as a result of the changing biotic or abiotic factors as depth increases into
mesophotic environments (Olson & Gao 2013; Steinert et al. 2016; Morrow et al. 2016).
Of the four sponge species sampled, only the community structure of the A. tubulata
microbiome remained unchanged with depth (Fig. 21). This may be a result of similar trophic or
chemical strategies at all depths in this sponge but, there were significant differences due to depth
in the predicted functions of the A. tubulata microbiome. Changes in nitrogen and carbon cycling
did occur as a function of depth (Table 11) which indicates that while the community structure of
a sponge may remain stable along a depth gradient, the microbiome itself can alter its function in
relation to different environmental conditions between depths. Indeed, the microbiome of A.
tubulata has a significant population of microbes from the phyla Proteobacteria and Chloroflexi
(Fig. 22), which have been shown previously to have high physiological diversity (Bayer et al.
2018; Pita et al. 2018; Fiore et al. 2020). The other sponges, A. compressa, X. muta and P.
angulospiculatus, were observed to have significant changes in their microbiomes, but these were
species-specific with regards to both the microbial classes that underwent changes in abundance
relative to depth. These changes are likely driven by a combination of PAR and reductions or
increases in certain trophic resources. While DOC decreases with depth, it is highly unlikely that
the sponge holobiont is carbon limited at any depth based on the concentrations observed (Chapter
2, Fig. 10). Decreases in DON with concurrent increases in DIN (Chapter 2, Fig. 10, 11) may
cause changes in community composition due to the importance of nitrogen in cell growth.
Increased heterotrophic microbes can be found in increased densities where DIN concentrations
are higher as DIN is an important component of their diet (Lesser 2006; Voss et al. 2013) so
changes in microbial trophic strategies and thus community composition within the sponge is also
likely. While these changes were significant, many of the microbes within the microbiome did not

144

vary with depth, which may have been a result of the increased DIN between depths conferring
stability. So, while there are broad and generalizable gradients in abiotic and biotic factors (i.e.,
food or PAR) between shallow and mesophotic depths, they do not appear to have a universal
effect on sponge microbial composition with depth. The functional predictions for these
microbiomes also reflect the species-specific function of the microbiome between depths. While
the predictions show a variety of complex nitrogen and carbon cycling pathways are present in all
the sampled species (Tables 10-13), none of the selected KEGG genes showed the same effect of
depth between any species (Tables 10-13). It would appear that the effect of the sponge
microbiome on carbon and nitrogen cycling along shallow to mesophotic depth gradients must be
interpreted carefully,and may not be generalizable. The biogeochemical cycling by sponges
between depths must be assessed on species by species basis to truly understand overall nutrient
and elemental cycling by sponges on mesophotic coral reefs.
The 13C of both X. muta and P. angulospiculatus reflect photoautotrophic carbon inputs
to the sponge’s carbon budget (Fry 2006; Slattery et al. 2011), potentially by translocation of
photoautotrophically produced carbon from symbionts in X. muta (Morrow et al. 2016; Gannt et
al. 2019). However, P. angulospiculatus does not appear to contain large communities of
cyanobacteria, so the 13C signature of both of these sponges may reflect the trophic resources
available to them (POM and DOM), and subsequent carbon cycling within the microbiome. While
there are large communities of Chloroflexi in all of the HMA sponges, there is no clear signal of
photoautotrophy by the Chloroflexi in the 13C of X. muta and P. angulospiculatus (Canfeld et al.
2005). Using compound specific isotope analysis of amino acids techniques (CSIA-AA) it has
been shown that the translocation of resynthesized amino acids from symbionts in both X. muta
and P. angulospiculatus can occur based on EV values, which quantifies the potential for
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translocation of resynthesized amino acids from microbes to host (Shih et al. 2020) (Chapter 1,
Fig. 5). Interestingly, we expected to see significant reductions in the cyanobacteria symbionts of
X. muta but it appears that the increased DIN with depth at this site might have provided the
environment supporting the relative stability between depths for this symbiont community (sensu
Morrow et al. 2016). Additionally, reduced photoautotrophic inputs are also not reflected in any
significant increases in the 13C of X. muta as depth increases (Fig. 26d, Table 14). The 13C of
both A. compressa and A. tubulata reflect a more heterotrophic diet, and they are ~2 ‰ higher
relative to X. muta and P. angulospiculatus. Both A. compressa and A. tubulata likely rely more
heavily on POM, which is common for LMA sponges (Thacker & Freeman 2012; Weisz et al.
2008) and in the case of A. tubulata, its EV value is low relative to the other HMA sponges sampled
in this study (Chapter 1, Table 1). Additionally, A. compressa and A. tubulata both share a similar
isotopic niche (Fig. 25), so while A. tubulata and A. compressa may be classified as an HMA or
LMA sponge respectively, they may both rely more heavily on the POM portion of their diets for
tissue growth.
While this study has shown that there is high variability between species in multiple
metrics, all the sampled species in this study show a statistically significant pattern of increasing
15N as depth increases (Fig. 26, Table 14). This increase in 15N has been observed in multiple
studies of sponges along a shallow to mesophotic depth gradient at multiple sites in the Caribbean
(Chapter 1, 2; Slattery et al. 2011; Morrow et al. 2016; Lesser et al. 2020). The pattern of increased
15N with depth reflects the increased consumption of POM, in particular heterotrophic
picoplankton which are more abundant in the mesophotic (Chapter 2; Lesser 2006; Trussell 2006;
Lesser et al. 2019; 2020). It may also reflect increased heterotrophic inputs instead of
photoautotrophic inputs from the microbiome as depth increases due to reductions in PAR
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(Chapter 1, 2; Slattery et al. 2011). Increased availability of POM at mesophotic depths is
associated with higher growth rates and abundances in a variety of Caribbean sponge species as
depth increases (Chapter 1, 2; Lesser 2006; Trussell et al. 2006; Slattery & Lesser 2015). While
there are clear differences between both species and HMA/LMA status in potential microbial
community structure and function as a result of increasing depth, it is highly likely that all sponges
in this study consume more POM as depth increases into the mesophotic. Within species, there are
species specific differences 15N which likely reflects the unique microbial communities and
functions of each sponge species.
In P. angulospiculatus particularly low 15N are observed on shallow reefs (Fig. 26c, Table
14), that reflects potential inputs of nitrogen produced via nitrogen fixation pathways (N-fixation
15N: -2 to 2‰), and KEGG genes were observed in this sponge in the functional predictions
(Table 12). The potential for N-fixation has been observed in sponges previously (Mohammed et
al. 2008), which would likely occur during cessation of pumping leading to hypoxic compartments
within the tissue (Mohammed et al. 2008; Fiore et al. 2010). In P. angulospiculatus, the nifH gene
shows reduced expression (Table 12) as depth increases while nifA (a nif regulatory gene) shows
increases which follows the pattern of the increased 15N for this sponge along the depth gradient.
N2 fixation, however, is an energetically expensive process, and sponges are exposed to higher
levels of DON at shallow depths, so further study is required to understand why this process may
occur at shallow instead of mesophotic depths where DON is significantly lower. Another
explanation of the low 15N relative to other species, may be a result of different microbial
transformations of assimilated nitrogen in P. angulospiculatus since mineralization, denitrification
and nitrification can cause variability in the 15N signal (Kendall & McDonell 1998), these
processes may be occurring at different rates in this sponge species relative to other species.
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The proximate biochemical composition of A. compressa, A. tubulata and X. muta showed
significant differences as a function of increasing depth, with lipids decreasing and carbohydrates
and soluble protein increasing at mesophotic depths (Table 15). This was unexpected as an
organism exposed to increased food, such as POM for mesophotic sponges, would be expected to
increase their lipid reserves (Sokolova 2013). Lipid stores are often mobilized during periods of
starvation, reproduction or growth. It is highly unlikely that sponges at mesophotic depths are
under stress or starvation conditions as they are consistently exposed to more POM than their
shallow conspecifics (Chapter 2; Lesser 2006; Trussell et al. 2006; Lesser et al. 2019, 2020) and
are generally buffered from potential abiotic stressors (Lesser et al. 2009). As some sponges are
known to exhibit phenotypic plasticity in chemical defense, metabolic rate, morphology and
spicule size (Bavestrello et al. 1993; Hill & Hill 2001; Morley et al. 2016; Slattery et al. 2016), it
is possible that sponges may exhibit phenotypic plasticity in their trophic ecology and energetic
state. Indeed, it is well known that many invertebrates can exhibit phenotypic plasticity, including
energetic strategies (Padilla & Savedo 2013). Previous studies have shown that sponges increase
their growth rates as depth increases (Chapter 2; Lesser 2006; Trussell et al. 2006; Lesser &
Slattery 2013; Slattery & Lesser 2015) and that appears to be a function of the increased
picoplankton available to them (Chapter 2; Lesser 2006; Trussell et al. 2006; Slattery et al. 2011;
Lesser et al. 2018, 2019, 2020) which may also result in an increase in the mobilization of
macromolecules, such as lipids, with their high energetic content..
Mesophotic sponges in this study may prioritize their higher growth rates over maintaining
lipid stores which requires the use of energy reserves despite the fact that they are consistently
exposed to higher levels of particulate resources which can be used for increasing biomass (i.e.,
low C:N ratio bacterioplankton that increase with depth). Conversely, shallow sponges have
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slower growth rates and are exposed to significantly less POM at this site (Chapter 2, Fig. 10), so
these sponges may prioritize lipid storage as their energetic demand is also lower. The higher
abundance of low C:N ratio picoplankton in the mesophotic may also account for the increased
concentrations of soluble proteins available in mesophotic sponges as nitrogen is crucial for protein
synthesis. Interestingly the effect of decreasing lipids with depth was observed in all HMA sponges
and the LMA sponge, A. compressa. As LMA sponges generally utilize more POM in their diet
over DOM (Morganti et al. 2017), this suggests that POM availability may be causing the observed
changes in proximate biochemical composition.
An alternate explanation is that the sponges on shallow reefs are exposed to more
cyanobacteria which have higher lipid content relative to other heterotrophic bacterioplankton (da
Silva et al. 2008; Olsen 2009; Karatay & Donmez 2011) while sponges in the mesophotic are
exposed to bacterioplankton populations with significantly less cyanobacteria (Chapter 2; Lesser
2006; Trussell 2006; Lesser 2019, 2020). The observed differences in proximate biochemical
composition are likely a combination of both plasticity in energetic strategy and shifts in the types
of picoplankton as depth changes. However, Luskow et al. (2019) found that potential starvation
did not affect sponge lipid concentrations in temperate sponges, so further study over an extended
time period, accounting for seasonal changes in POM abundance as observed in Chapter 2, would
be important to understand this pattern. It is also interesting that the observed pattern in PBC with
depth is species-specific as PBC in P. angulopsiculatus did not vary with depth. The largely
unknown contributions from heterotrophic symbionts to sponge energetic budgets (Rix et al.
2020), but see Shih et al. (2020), leaves a large gap in our understanding of the contributions from
DOM to sponge energetics.
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It is also possible that the concentrations of lipids are a reflection of the microbiome of
these sponges. However, the lipid concentration of bacteria is low (0.5-2 mg g-1 DW) (Gillan et al.
1988; da Silva et al. 2008) relative to the values for the sponge holobionts (Table 14) and thus the
majority of the variability in the biochemical composition we see in this study is a reflection of the
sponge tissue and not microbial biomass. Additionally, this pattern was observed in both HMA
and LMA sponges, so the density of associated microbes does not play a role in the depth
dependent changes either. Reproduction is known to mobilize and utilize significant quantities of
lipids (Koojiman 2010). Very little is known about reproduction in sponges, but it is likely tied to
lunar cycle (Nozawa et al. 2016) or temperature (Caralt et al. 2018). It is possible the disparity
between these sponge’s PBC may be a result of mesophotic sponges spawning before their shallow
conspecifics. While this seems unlikely given that this pattern was observed in multiple species,
the influence of reproduction on the seasonal changes in PBC is unknown. This highlights the need
to quantify the reproductive state of sponge tissue when assessing PBC in future studies. Predation
pressure may also result in a sponge changing its overall biochemical composition to become less
nutritionally favorable for a predator (Duffy & Paul 1992). The sampled sponges in this study are
chemically defended (Albrizo et al. 1995; Chanas & Pawlik 1995; Chanas et al. 1995) so it is
unlikely that nutritionally quality played a role here. However, assessing potential changes in
chemical defense along the studied gradient in these sponges is also required to fully understand
if top-down effects has any role in the distribution and abundance of these sponges.
Conclusion
In this study we have shown that sponges show species specific patterns in microbial community
structure and that these microbiomes do undergo significant compositional changes along a
shallow to mesophotic depth gradient, regardless of HMA or LMA status. These species-specific
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microbiomes have complex carbon and nitrogen cycling potential, that changes along the depth
gradient. These patterns are, again, species-specific so generalizations about nutrient cycling of
sponge holobionts between shallow to MCE should be approached with caution. Additionally, in
the sponge A. tubulata, the community composition did not undergo any significant changes in its
community composition between depths, but the predicted function of that community did change
significantly with depth. The gradients in PAR, DOM and DIN are likely factors in these
compositional and functional changes, highlighting the importance of collecting environmental
data when assessing sponge microbiome along environmental gradients. The increased POM and
the composition of that POM on MCEs appears to be reflected in both the 15N and PBC signatures
of sponge tissue that potentially relates to phenotypic plasticity in the trophic ecology and energetic
state between shallow and mesophotic depths. It is probable that sponges prioritize growth over
energetic reserves in the mesophotic due to increased POM availability. Gradients in abiotic
factors can change sponge microbial communities and their function at a local scale, but broad
generalizations regarding sponge biogeochemical cycling, trophic strategy and energetics should
be approached carefully given the species-specificity observed in this study. While species specific
patterns were clear in this study, it also appears that the sponges in this study do consume more
heterotrophic picoplankton at depth, providing increased evidence that bottom-up processes play
a significant role in sponge distributions.
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Abstract
The sclerosponge Ceratoporella nicholsoni is a hyper-calcifying high microbial abundance
(HMA) sponge. This sponge has been observed at high densities throughout the Caribbean in the
mesophotic zone (30-150 m), as well as cryptic environments in shallow (<30 m) depths. Given
the densities of this sponge, it could play an important role in the cycling of inorganic and
organic sources of carbon and nitrogen at mesophotic depths. Additionally, there is broad interest
in this sponge as a tool for paleobiology, paleoclimatology and paleoceanography. As a result, it
is increasingly important to understand the ecology of these unique sponges in the underexplored
Caribbean mesophotic zone. Here we show that this sponge increases in abundance from shallow
depths into the mesophotic zone of Grand Cayman Island. We observed no significant
differences in the stable isotope signatures of 15N and 13C of sponge tissue between depths. A
predictive model of sponge diet with increasing depth shows that these sponges consume
dissolved organic matter of algal and coral origin, as well as the consumption of particulate
organic matter consistent with the interpretation of the stable isotope data. The taxonomic
composition of the sclerosponge microbiome was invariant across the shallow to mesophotic
depth range but did contain the Phylum Chloroflexi, known to degrade a variety of dissolved
organic carbon sources. These data suggest that the depth distribution of this sponge may not be
driven by changes in trophic strategy and is potentially regulated by other biotic or abiotic
factors which is contrary to previous observations on emergent, open reef sponges found in the
previous chapters.
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Introduction
It is well-known that cryptic spaces in coral reefs are a crucial component of overall coral reef
productivity (de Goeij and van Duyl 2007; de Goeij et al. 2013, 2017). These habitats may
comprise up to 75-90% of total reef volume in the Caribbean (Ginsburg 1983; de Goeij et al.
2017) and are known to be net sinks of dissolved organic matter (DOM), and in particular
dissolved organic carbon (DOC). Cryptic spaces also play a significant role in overall
productivity of coral reefs and may improve adjacent coral reef health (Slattery et al. 2013). The
primary components of cryptobenthic fauna in these habitats are sponges, primarily encrusting
species, and the study of cryptic sponges has increased significantly in the last decade due to
their potential role as major ecosystem engineers through the sponge loop (de Goeij et al. 2013;
2017). The “Sponge Loop Hypothesis” proposes that sponges consume DOM and produce large
concentrations of cellular detritus, such as choanocyte cells, that are subsequently consumed by
reef organisms.
The majority of these studies, however, have focused on shallow coral reefs (<30m), with
far fewer studies on mesophotic coral reef ecosystems (MCEs; 30-150 m) where endemic
communities of sponges can be found in the lower mesophotic (>60 m) zone of the Caribbean
(Lesser et al. 2009; Slattery et al. 2011; Loya et al. 2016). Once exception is a recent study by
Lesser et al. (2020) which showed that the encrusting sponge Halisarca caerulea produces
significantly less detritus at mesophotic depths (~50 m) compared to conspecifics at shallow
depths (~10 m). Since the production of detritus is a prerequisite for a functional sponge loop it
demonstrated the broader need to understand the trophic ecology of the sponge fauna found in
162

the low-light environment of MCEs, which may mimic shallow water cryptic spaces, for our
overall understanding of the functional ecology of sponges in MCEs.
One of the most understudied members of the sponge community are sclerosponges.
Sclerosponges are slow-growing and deposit a calcium carbonate exoskeleton in sequential
layers over time, and recent studies have suggested that the symbiotic prokaryotic microbiome of
sclerosponges may have an important role in calcification (Garate et al. 2017; Germer et al.
2017). Sclerosponges are found throughout the tropics across a 1000 m depth range and can live
for centuries (Lang and Hartman 1975; Benavides and Druffel 1986; Böhm et al. 1996; Swart et
al. 1998). One species of sclerosponge, Ceratoporella nicholsoni (Fig. 28a), is commonly found
within the reef framework, overhangs and small caves of Caribbean MCEs (Lang and Hartman
1975; Santavy et al. 1990; Vacelet et al. 2015). Ceratoporella nicholsoni produces a thin layer of
siliceous spicule supported tissue over a dense aragonite skeleton (Lang and Hartman 1975;
Vacelet et al. 2015). This species of sponge is commonly used for paleooceanographic
reconstructions as it produces its skeleton at isotopic equilibrium with surrounding seawater
(Benavides and Druffel 1986; Swart et al. 1998, 2002, 2010; Haase-Schramm et al. 2003), but
relatively little is known about its general ecology, and trophic ecology in particular. While C.
nicholsoni can be found at depths shallower than 30 m deep in the reef framework, it is much
more common in MCEs below 30 m, where it grows openly on wall faces and overhangs (Lang
and Hartman 1975; Vacelet et al. 2015). This particular species is the most conspicuous of the
Caribbean sclerosponges (Lang and Hartman 1975; Vacelet et al. 2015) and forms dense
communities in the low-light environments of MCEs, in some cases comprising 25-50% of total
cover in overhangs and small caves (Lang and Hartman 1975). At depths below 70 m, this
sponge and potentially other less common sclerosponge species may contribute significantly to
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the emergent deep reef community and its structure (Lang and Hartman 1975; Swart et al. 1998;
Vacelet et al. 2015) by assuming the functional role of scleractinian corals as a three-dimensional
reef structure. Since this sponge is classified as a high microbial abundance (HMA) sponge
(Santavy et al. 1990), it is very likely utilizing DOM in its diet (Yahel et al. 2003; de Goeij et al.
2013, 2017; Mueller et al. 2014). As a result, these sponges may contribute to DOM cycling (i.e.,

Figure 28. In-situ photos of A) Ceratoporella nicholsoni (photo: Keir Macartney), B)
Xestospongia muta (photo: Michael Lesser), C) Agelas tubulata (photo: Liz Kintzing) and D)
Halisarca caerulea (photo: Sabrina Pankey). E) Comparative bivariate plot of Caribbean coral
reef sponge bulk δ13C and δ15N values (mean ± SD) along a shallow to mesophotic depth
gradient from published literature. All data was binned to match the binning of depths in this
publication. Data for X. muta were taken from Morrow et al. (2016), data for A. tubulata was
taken from Slattery et al. (2011) and data for H. caerulea was taken from Lesser et al. (2020).
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Sponge Loop) on MCEs.
As an HMA sponge the prokaryotic microbiome of Ceratoporella nicholsoni likely plays
a significant role in its trophic ecology as reported for many HMA sponges (Hentschel et al.
2012; Pita et al. 2018), and specifically its ability to assimilate and translocate particulate organic
matter (POM) and DOM for growth. Recent research has shown that detritus production is linked
to the quantity of the POM and DOM available, and consumption of these resources relies on
both the host and its microbiome (de Goeij et al. 2013, 2017; Mueller et al. 2014; Rix et al. 2016;
Lesser et al. 2020). Additionally, the microbiome in many sponges is responsible for the
production of secondary metabolites (Engel and Pawlik 2000; Taylor et al. 2007; Hentschel et al.
2012; Pita et al. 2018), and given the slow growth of C. nicholsoni, these compounds could be
important in the prevention of overgrowth by competitors. While previous studies have analyzed
the C. nicholsoni microbiome using traditional media-based isolation techniques (Santavy et al.
1990), many sponge associated microbes are nonculturable. The use of metagenetic techniques
can increase both the recovery and resolution of the C. nicholsoni microbiome, and its potential
function. Here we utilize bulk stable isotope techniques (SIA) and a diet reconstruction model, as
well as 16s rRNA amplicon sequencing and predicted metagenomic content in order to
characterize the community composition, potential function and the trophic ecology of these
unique sponges at both shallow and mesophotic depths in the Cayman Islands. We hypothesize
that this sponge will increase in abundance in the Grand Cayman mesophotic zone, that its diet
will be a reflection of the available food resources and that it’s microbiome will have broad
metabolic potential, as observed in other sponges.
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Methods
Site Description

Samples of the sclerosponge Ceratoporella nicholsoni were collected on reefs in the vicinity of
the Kittiwake Anchor Buoy site, Grand Cayman (Lat: 19.362756, Long: -81.402437) along a
shallow to mesophotic (10-100 m) depth gradient on Grand Cayman Island (Fig. S1). This site
exhibits a spur and grove structure with a sloping reef structure between 15 – 60 m, at which
point reef topography turns into a vertical wall. Additionally, based on data collected previously
at this site (Lesser et al. 2019) the concentrations (μmol l-1) of POC and PON increase
significantly as depth increases into the mesophotic zone while DOC and DON decreases
significantly as depth increases (Lesser et al. 2019).

Sample Collection
Samples were collected in January 2019 by divers utilizing mixed gas closed circuit rebreather
systems and technical diving procedures for collection deeper than 30 m while open circuit
SCUBA was used to collect samples above 30 m. Whole sponges were removed from the
substrate using a hammer and chisel, brought to the surface in plastic bags, transported in
seawater to a wet lab and immediately frozen at -4℃. Samples were transported to the
University of New Hampshire while frozen for further analysis and stored at -80℃. Samples
were binned into groups from 10-30 m (shallow) (n = 8), 31-60 m (upper mesophotic) (n = 5)
and 61-90 m (lower mesophotic) (n = 9) where the seawater temperatures at approximately the
mid-point of each depth grouping was 27.12°C at 22 m, 27.32°C at 46 m and 27.49°C at 76 m
with temperatures measured as described in Lesser et al. (2009). Photosynthetically active
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radiation (PAR: μmol quanta m−2 s−1) decreases significantly at this site as depth increases into
the mesophotic with irradiances at approximately the midpoint of each depth bin of 22 m = 263
μmol quanta m−2 s−1, 46 m = 126 μmol quanta m−2 s−1, and 76 m = 61 µmol quanta m−2 s−1
measured as described in Lesser et al. (2018).

Sclerosponge surveys
Sclerosponge abundance and percent cover were measured using replicate transects (n = 3) of 30
m length at depths of 37, 49, 67, 81 and 97 m, with1 m2 quadrats (n = 5) positioned at random
points along each transect. Since sclerosponges are primarily found in more cryptic
environments (e.g., overhangs), these depths were chosen based on the presence of relevant
habitat. It was not possible to enumerate sclerosponges with any degree of accuracy in the
cryptic habitat at < 30 m. Specifically, each transect line began at an identified overhang where a
1 m2 quadrat was placed. Following that, a random number generator was used to determine the
next overhang to be analyzed (i.e., using numbers from one to five if the random number was “3”
then the third overhang from the transect origin was measured). For each transect, at all depths,
the number of overhangs analyzed was n = 5. All sclerosponges within each m2 quadrat were
counted, and the percent cover of these sclerosponges was estimated using the point intercept
method.

Stable Isotope Analysis
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Samples of C. nicholsoni tissue were taken by using a sterile razor to scrape tissue from the
surface of the sponge. Tissue samples were dried at 55℃ for 24 h before pulverizing into a
powder using a mortar and pestle. Samples of tissue were sent to the Marine Biological
Laboratory (Woods Hole, MA) for the bulk analysis of particulate C and N as well as the natural
abundance of the stable isotopes 15N and 13C. Prior to analysis samples were acidified using
1N HCL. Samples were analyzed using a Europa ANCA-SL elemental analyzer-gas
chromatograph attached to a continuous-flow Europa 20-20 gas source stable isotope ratio mass
spectrometer. The carbon isotope results are reported relative to Vienna Pee Dee Belemnite and
nitrogen isotope results are reported relative to atmospheric air and both are expressed using the
delta () notation in units per mil (‰). The analytical precision of the instrument is ± 0.1‰, and
the mean precision of sample replicates for 13C was ± 0.4 ‰ and 15N was ± 0.2 ‰. In order to
avoid changes in 15N due to acidification (Schubert and Nielsen 2000), non-acidified tissue
samples were sent to the Stable Isotope Laboratory at the University of Miami’s Rosenstiel
School of Marine Geosciences. The 15N of non-acidified samples was determined using a
Costech CN analyzer interfaced to a Thermo Advantage V with 15N standards supplied from the
International Atomic Energy Authority (IAEA) (sensu Mackenzie et al. 2015). Statistical
analyses for differences between depths for all SIA variables were conducted utilizing ANOVA
in R statistical software (version 3.4.2). Any variables not meeting the assumptions of normality
were log transformed before analysis. The relative diet contribution was assessed using the R
package “SIAR4” (Parnell et al. 2010) sensu Lesser et al. (2020). Source endmember values for
algal DOM (13C: -15.42‰, 15N: 0.80‰), coral DOM (13C: -18.19‰, 15N: 0.26‰), and coral
reef POM (13C: -24.91‰, 15N: 5.62‰) were taken from (van Duyl et al. 2011a; van Duyl et al.
2018) and values for sponge derived detritus (13C: --19.54‰, 15N: 2.56‰) were taken from
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(Lesser et al. 2020). For the effects of depth in the mixing model both 13C and 15N stable
isotope values for Lobophora variegata (Slattery and Lesser 2014) and Montastraea cavernosa,
Montastraea annularis (now Orbicella annularis) and Agaricia agaricities (Lesser et al. 2010,
Muscatine et al. 1989, Muscatine and Kaplan 1994) were included as averaged source end
members for algal and coral DOM for their respective depths. The source end member data were
taken from different sites in the Caribbean and are consistent with the known variation of these
end member isotope values throughout the region and between depths (e.g., Lesser et al. 2020).
The trophic enrichment factor applied for 13C was 0.5 ± 0.5%, and for 15N a trophic
enrichment factor of 3.0 ± 0.5% was applied sensu van Duyl et al. (2018) and Lesser et al.
(2020).

DNA Isolation and 16s rRNA amplicon sequencing
To obtain microbial genomic DNA, C. nicholsoni tissue was removed from the calcareous
skeleton using a sterile razor with care taken to avoid inclusion of CaCo3 debris from the
skeleton into the sample. Approximately 200-300 mg of tissue were removed. Sponge DNA was
isolated using a Qiagen DNeasy PowerSoil extraction kit with the manufacture’s protocol
modified as follows. Sponge tissue was added to the PowerSoil bead tubes with 5 µl of
Proteinase K (20mg/ml stock in 10% SDS) and 2 µl of RNAse (Qiagen) before incubation at
55◦C for 18 hours. After incubation, PowerSoil Kit Solution 1 was added, and samples
subsequently underwent a bead beating step using a Qiagen Tissue Lyser for 5 minutes at 50
hertz. The Qiagen DNeasy PowerSoil kit standard instructions were followed post bead beating
to produce DNA samples.
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Microbial DNA was amplified using the polymerase chain reaction (PCR) with primer
sets targeting the universal prokaryotic 16S rRNA gene. Degenerate primers designed to amplify
the hypervariable region V3-V4 of the 16S rRNA gene were used and included a forward primer
515F (5’- GTGYCAGCMGCCGCGGTAA; Parada et al. (2016)) and reverse primer 806R (5’GGACTACN- VGGGTWTCTAAT; Apprill et al. (2015)). Fluidigm linker sequences CS2 (5’ACACTGACGACATGGTTC- TACA) and CS2 (5’- TACGGTAGCAGAGACTTGGTCT)
were added to the 5’ end of both forward and reverse primers to facilitate Illumina MiSeq. The
16S rRNA gene PCR consisted of a 25 μl reaction with 12.5 μl AmpliTaq Gold 360 Master Mix
(Applied Biosystems), 1.0 μl GC-enhancer, 0.5 μl 515F (10 μM) and 0.5 μl 806R (10 μM), 2.0 μl
of DNA template (40-60 ng) and 8.5 μl nuclease free water (Integrated DNA Technologies,
Coralville, Iowa). Reactions were performed using the following protocol: initial denaturation
for 10 min at 95◦C, 30 cycles of 95◦C for 45 s, 50◦C for 60 s, and 72◦C for 90 s, followed by a 10
min extension at 72°C. The PCR products were then electrophoresed on a 1% agarose gel. The
16S rRNA PCR amplicons containing Fluidigm linkers were sequenced on an Illumina MiniSeq
System employing V2 chemistry (2 x 150 bp reads) at the University of Illinois at Chicago (UIC)
Research Resources Center’s Sequencing Core. The amplicon sequence variants (ASVs) were
inferred and tabulated across sclerosponge samples using “DADA2” (Callahan et al, 2016) using
an established bioinformatic pipeline (Lesser et al. 2020).
Analyses of the microbial communities of C. nicholosoni were done utilizing the R
package “PhyloSeq” (McMurdie et al. 2016) in R sensu (Lesser et al. 2020). Samples with fewer
than 10,000 counts were filtered from the ASV count table. Additionally, ASVs detected in more
than 2 samples and had at least 10 occurrences across samples were retained during the filtering
process. The samples were then rarefied in order to account for sampling effort. To test alpha
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diversities, the Shannon richness index was used. Ordination plots were produced based on BrayCurtis distances using nonmetric multidimensional scaling (NMDS) (Stress value = <0.0001). To
assess compositional differences at varying taxonomic scales, the rarefied ASV count table was
consolidated by rank using the PhyloSeq “tax_glom” function and then raw counts were
transformed to center log rations using the “transform” function (CLR) from the R package
“microbiome” (Callahan et al. 2016). Compositional differences between depths were tested
using PERMANOVA with the Adonis function from the R package “vegan”. Any differences
observed during post hoc testing at phylum level for taxa between depths were tested using
ANOVA and Tukey’s HSD. Raw 16S rRNA reads were submitted to the NCBI Sequence Read
Archive under BioProject accession number PRJNA555077.
Metagenomic functional abundances were predicted using “PICRUSt2” v2.1.0–b
(https://github.com/picrust/picrust2/wiki) (Langille et al. 2013; Langille 2018). The 16S rRNA
ASVs inferred by DADA2 were aligned with “HMMER” (Eddy 2008) and then placed in a
reference tree provided by PICRUSt2 using “EPA–ng” and “GAPPA” (Barbera et al. 2019).
Gene family numbers were predicted for 16S rRNA as well as KEGG functions (i.e., EC and KO
accessions) using Hidden State Prediction (“castor”) based on 16S rRNA ASV abundances and
phylogenetic proximity to reference taxa with available genomes. In order to minimize error in
gene content prediction due to poor matches to available genomes, any ASVs receiving NearestSequenced-Taxon-Index (NSTI) scores below two were removed from subsequent analyses.
Abundances of biological pathways encoded by microbiomes were then predicted using MinPath
(Ye and Doak 2009). Abundances of KEGG genes of interest and all pathways from “MetaCyc”
inferences were assessed for differences between depth zones using ANOVA on relative
abundances normalized to the total reads in the sample. KEGG genes of interest were selected to
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assess carbon and nitrogen metabolism, secondary metabolite production and indications of
stress, such as genes encoding for heat shock proteins.

Results
Sclerosponge surveys
Both percent cover (ANOVA: F4,14 = 82.33, P<0.0001) and abundance per m-2 (ANOVA: F4,14 =
100.01, P<0.0001) of C. nicholsoni significantly increased with depth from the upper mesophotic
zone (31-60 m) to the lower mesophotic zone (61-90m) (Fig. 29). At lower mesophotic depths
sponges were both more abundant and had significantly greater percent cover than those found in
the upper mesophotic zone (Tukey’s HSD, P<0.05), and were qualitatively larger than their
shallow water counterparts inferred based on fewer individuals per m m-2 but increased percent
cover.
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Figure 29. Depth dependent mean abundance (± SE) and percent cover (± SE) per m² of
Ceratoporella nicholsoni in the Grand Cayman mesophotic zone. Depths with common
superscripts are not significantly different from each other (Tukey’s HSD, P<0.05).

Stable isotopes
There were no significant differences between the sclerosponge tissue δ13C (ANOVA: F2,19 =
0.061, P = 0.941), δ15N (ANOVA: F2,19 = 1.4907, P = 0.25) or C:N ratios (ANOVA: F2,19 =
0.912, P = 0.418) as a function of depth (Fig. 28e, Table S1). A non-significant enrichment
between ~0.5-1.0‰ was found for acidified samples (Table S2), similar to previous results
(Kolasinski et al. 2008). We used the results from non-acidified samples for all downstream
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analyses. The SIAR4 diet reconstruction shows high variability in source contributions to
sclerosponge diets and there were no significant differences between depths in the reconstructed
diets (Fig. 30, Table S3). There is, however, a larger contribution of benthic derived DOM in C.
nicholosoni, with coral and algal DOM contributing approximately 40-70% to the total diet
compared to POM. And there is an increase in both algal and coral DOM in the diet of these
sponges as depth increases into the mesophotic zone (Fig. 30, Table S3), while live and detrital
POM contributes approximately 20-50% to the diet which decreases with increasing depth (Fig.
30, Table S3).

Figure 30. Bayesian diet reconstruction of Ceratoporella nicholsoni diet along a shallow to
mesophotic depth gradient showing the mean percent contribution of each food source to the
sclerosponge diet.
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16s rRNA metabarcoding and predictive functional profiling
A total of 805,756 16S rRNA MiniSeq read-pairs were initially recovered from sequencing.
After merging and quality trimming with DADA2, 692, 894 read-pairs remained.
These ranged from 37,833 to 19,217 with a mean of 30,125 ± 3,720 reads per sample. A total of
858 unique ASVs were initially recovered, but ASVs unique to a single sample or with fewer
than 5 total observations were removed from the dataset, resulting in a total of 412 unique ASVs
for downstream analyses.

Figure 31. Multidimensional analysis of the β-diversity estimates using Bray–Curtis distance
matrices of ASV composition for Ceratoporella nicholsoni microbial community composition
between depths. The 95% confidence interval (CI) ellipses are drawn to show the depth
groupings.

The multidimensional analysis of the Beta diversity using Bray-Curtis distance matrixes
showed no significant difference between microbial community ASV composition between
depth zones (PERMANOVA: F2,19 = 0.893, P = 0.54) (Fig. 31). Both phyletic composition
(PERMANOVA: F2,19 = 1.597, P = 0.063) and class level composition (PERMANOVA: F2,19 =
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0.901, P = 0.578) did not differ significantly between depths With the exception of the Phylum
Dadabacteria, no significant differences in overall phyletic abundance between depth zones
were found in C. nicholsoni (Fig. S2). There were significant differences between depths in the
Dadabacteria (PERMANOVA: F2,19 = 5.13, P = 0.015) (Fig. S2), for which higher total counts
were observed in mesophotic compared to shallow depths (Tukey’s HSD <0.05). In the
microbiomes of sampled C. nicholsoni 84% of the reads belong to ASVs of the following 5
phyla; Chloroflexi (32%, ± 5%, mean ± SD), Thaumarcheaota (16% ± 5%), Proteobacteria
(15%, ± 3%), Acidobacteria (12%, ± 4%) and Actinobacteria (9%, ± 2%) (Fig. S3). Within the
Chloroflexi phylum, classes “TK17” and Dehalococcoidia made up 12% ± 3% and 10% ± 4% of
the total microbiome respectively (Fig. 32, S4). Within the Thaumarcheota, the Nitrososphaeria
comprise 15%± 4% of the total microbiome (Fig. 32, S4). The Proteobacteria are dominated by
the Gammaproteobacteria and the Alphaproteobacteria, comprising 7% ± 2% and 4% ± 1%,
respecitively, of the total microbiome. Within the Acidobacteria, dominant classes include the
Acidobacteriia (3% ± 2% of total microbiome) and “Subgroup 9” (4% ± 2% of total
microbiome). The Actinobacteria are almost exclusively composed of the class Acidimicrobiia,
which is 8% ± 3% of the total microbiome of C. nicholsoni (Fig. 32, S4). The Shannon-Alpha
diversity of all sponges ranged between 4.78 and 3.42 but there were no significant differences
between depths (ANOVA: F2,19 = 0.282, P = 0.758) (Fig. S5)
Functional profiling between depths was accomplished with PICRUSt2. The mean NSTI
score was 0.41 ± 0.061 (mean ± SD) and ranged between 0.31 to 0.54. There were significant
differences in mean NSTI scores between depths (ANOVA: F2,19 = 5.931, P = 0.009), with
shallow samples returning higher scores (0.47) compared to the lower and upper mesophotic
samples (Tukey’s HSD = <0.05). The analysis returned 238 MetaCyc pathways and 4,051
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unique KO genes. Of the 238 pathways, only pathway “GLYCOGENSYNTH-PWY” (glycogen
biosynthesis I (from ADP-D-Glucose)) had significant enrichment in the pathway for shallow
depths compared to lower mesophotic depths (ANOVA: F2,19 = 0.971, FDR adjusted P = 0.022).
KEGG genes of interest (Table 1) were tested for differences between depths and while no
significant differences were found (ANOVA: FDR adjusted P>0.05), all genes of interest (Table
S4) were present in the inferred metagenome of the samples.

Figure 32. Mean relative abundance (percentage) at the Class level for the community
composition of the Ceratoporella nicholsoni microbiome along a shallow to mesophotic depth
gradient.

Discussion
The percent cover surveys of C. nicholsoni in Grand Cayman follow a similar pattern to the
percent cover observed for C. nicholsoni in Discovery Bay, Jamaica described by Lang and
Hartman (1975). Our study shows C. nicholsoni occupies approximately 25% to 35% of relevant
habitat space (i.e., wall overhangs and small caverns) between the depths of 67 to 97 m, making
it one of the dominant members of the community on Grand Cayman lower mesophotic reefs
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(Fig. 29). This pattern of distribution is similar to those seen in non-calcareous siliceous sponges
on open habitat space in the mesophotic throughout the Caribbean (Lesser 2006; Lesser et al.
2009, 2019; Slattery and Lesser 2015; Lesser and Slattery 2018). That distribution is influenced
by food availability, both DOM and POM, but nitrogen rich POM that increases in quantity with
depth is believed to be essential for the development and maintenance of increasing sponge
biomass with increasing depth. (Lesser 2006; Trussell et al. 2006; Lesser et al. 2009, 2018;
Slattery et al. 2011; Slattery and Lesser 2015; Morrow et al. 2016). As sclerosponges are
considered low-light species, found primarily in the reef framework at depths shallower than 50
m (Lang and Hartman 1975; Vacelet et al. 2015), and below large overhangs and caverns in the
lower mesophotic (Lang and Hartman 1975) the factors that influence emergent sponge
distributions may not regulate sclerosponge distributions. Here we addressed whether the
trophic ecology of these sponges is similar to that of open reef sponges where food quality and
quantity play an important role in the ecological depth distributions of sponges throughout the
Caribbean (Lesser and Slattery, 2018; Lesser et al. 2018).
The stable isotopes of C. nicholsoni do not reveal any significant depth-dependent
changes (Fig. 28e) in trophic strategy, which is contrary to previous studies of sponges where
stable isotopic signatures in the mesophotic show clear patterns of enrichment with depth, and
often transitions from photoautotrophy to heterotrophy (Slattery et al. 2011; Morrow et al. 2016;
Lesser et al. 2020). Previous studies have shown significant increases in δ15N between shallow
and mesophotic depths (Fig. 28e) in Xestospongia muta (Fig. 28b), Agelas tubulata (Fig. 28c)
and Halisarca caerulea (Fig. 28d) indicating a shift from photoautotrophic resources to
heterotrophic resources such as bacterioplankton, which are more abundant in the mesophotic
(Lesser 2006; Lesser et al. 2019, 2020). The emergent sponges X. muta and A. tubulata also
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showed significant increases in δ13C (Fig. 28e) which in X. muta has been hypothesized to be the
result of the decrease of photoautotrophic cyanobacteria in the microbiome as depth increases
(Morrow et al. 2016). The encrusting and generally cryptic sponge H. cearulea did not have a
significant decrease in δ13C (Fig. 28e) in a study by Lesser et al. (2020), which is similar to the
patterns observed for C. nicholsoni, and potentially due to the low-light environments they are
found in.
The close grouping of the isotopic signatures from C. nicholsoni (Fig. 28e, Table S1)
indicates that contributions to their diet from their microbiome and the consumption of DOM and
POM in these sponges are similar throughout their depth distribution. The values for these
sponges δ13C (~ -18‰) are slightly higher than those typically found in marine phytoplankton (19 to -24‰) but within the typical range for DOM (-16 to -23‰) (Fry 2006; Slattery et al. 2011;
van Duyl et al. 2011b, 2018; Lesser et al. 2020). The δ15N (~ 4.5‰) of the sampled
sclerosponges is similar to the range for both bulk POM and DOM (1-6‰) (Fry 2006; Slattery et
al. 2011; van Duyl et al. 2011, 2018; Ren et al. 2012). Taken together, it appears this sponge is
dependent primarily on DOM as a carbon source, as observed in the diet reconstruction, but does
consume picoplankton as do many HMA sponges (de Goeij et al. 2017; McMurray et al. 2018).
The δ13C and δ15N values for this sponge are similar to open reef HMA sponges from shallow
waters (Fig. 28e) (Freeman and Thacker 2011; van Duyl et al. 2011, 2018; Morrow et al. 2016;
Lesser et al. 2020). The diet reconstruction for the sclerosponges indicates a reliance on DOM
(60-70%) from benthic primary producers with the remainder of the diet made up of live and
detrital POM. While there is a large amount of variation in the diet reconstruction model (Table
S3), it supports the stable isotope results, and its interpretation. However, this sponge does
appear to consume more detrital matter and POM (Fig 30) compared to a diet reconstruction

179

from H. caerulea (Lesser et al. 2020) which is likely a reflection of this sponge’s unique
microbial community and the nutrient cycling processes found within that community. For
instance, we do not know whether the microbiome of C. nicholsoni is involved in the uptake of
DOM and its re-synthesis and translocation to the host as amino acids as observed in other
sponge species (Fiore et al. 2013, 2015; Shih et al. 2020). It should be noted that the diet
reconstruction (Fig. 30) is based on end member values from other taxa or geographic areas, but
no direct feeding measurements were made in this study and none are available from the
literature for sclerosponges. Feeding studies should be done to validate the diet reconstruction
model presented here.
The amplicon sequencing of 16s rRNA provides some insights into the metabolic
functions and nutrient cycling in the sponge holobiont. The microbial community and the
dominant taxa found in C. nicholsoni are similar to other prokaryotic microbiome communities
in the Demospongiae (Thomas et al. 2016; Bayer et al. 2018; Pita et al. 2018) (Fig. 32).
Interestingly, the Chloroflexi are the most abundant phyla in these sclerosponges, with higher
abundances then observed in other HMA sponge microbiomes (Thomas et al. 2016; Pita et al.
2018). Specifically, in the order Agelasida, where C. nicholsoni is classified, Chloroflexi are
often found in high abundances in sponges, generally between 10-29% (Bayer et al. 2018). The
metagenomes of Chloroflexi from sponges shows wide metabolic diversity that includes the
ability to fix carbon under aerobic an anaerobic conditions, conduct ammonia and nitrite uptake,
as well as other precursors for multiple biosynthetic pathways including amino acid syntheses
(Bayer et al. 2018) which could be translocated to the host (sensu Shih et al. 2020). In particular,
complex carbohydrate degradation pathways have been reported in Chloroflexi, and other
members of the prokaryotic microbiome of sponges, which may enhance their ability to utilize
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the DOM pool on coral reefs (Slaby et al. 2017; Bayer et al. 2018). Bayer et al. (2018) also found
that the Chloroflexi have the genomic potential for degradation of DOM, both its recalcitrant and
labile forms. Additionally, the presence of Thaumarcheota in C. nicholsoni is not surprising as it
is the most abundant archaeal phyla in HMA sponges (Thomas et al. 2016; Pita et al. 2018).
Recent research on the Thaumarchaeota has shown that this phylum may be a keystone
microbial taxa in some sponges, where it has the ability for ammonia oxidation (e.g., Engelberts
et al. 2020).
The functional inference provided by the PICRUSt2 analysis of the prokaryotic
microbiome supports the potential of these sponges to use multiple complex carbon, nitrogen and
sulfur cycling pathways. Weighted NSTI scores serve as a method of testing the reliability of
such predictions (Langille et al. 2013), which calculates dissimilarity between available
reference genomes and the predicted metagenome. The NSTI scores in this study were high, with
a mean score of 0.41 and shallow scores being the highest, at 0.47, compared to 0.37 for upper
mesophotic and 0.38 for lower mesophotic samples. These particular scores are relatively high
compared to previous PICRUSt analyses on sponge samples, being twice as high as those
analyzed by Cleary et al. (2015). Higher NSTI scores generally result in lower predictive
accuracy, but a recent study by Fiore et al. (2020) showed that despite moderate NSTI values
(0.15 - 0.32), a PICRUSt analysis of the sponge Xestospongia muta, showed a strong correlation
between the functional profiles of its metatranscriptome and the functional predictions for both
coverage and abundance. This suggests that functional analyses such as PICRUSt2 may still
provide meaningful predictions, even in some poorly characterized communities (i.e., sponge
microbiomes).
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The only significant difference between depths for both MetaCyc pathways and selected
KEGG genes was the glycogen synthesis pathway, which was enriched in shallow samples
relative to the lower mesophotic. However, multiple pathways and KEGG genes related to
nitrogen, carbon, sulfur and phosphorous cycling were found to be abundant (Table S4), with the
exception of photoautotrophic pathways. Genes for polyketide synthase and non-ribosomal
peptides synthesis were also found (Table S4), indicating the sponge microbiome has the
capability for chemical defense of this sponge, potentially for prevention of predation or
allelopathic interactions with faster growing competitors (Pawlik 2011; Trindade-Silva et al.
2013; Slattery et al. 2016; Gutleben et al. 2019). The Chloroflexi also have the potential to
participate in sponge chemical defense (Gutleben et al. 2019), and their high abundances may
provide this slow growing sponge secondary metabolites to prevent overgrowth. These chemical
compounds may be present at all depths, based on the predictive functional profiling, which
would indicate that this sclerosponge does not require an increase in chemical defenses along the
depth gradient. Such a finding would imply that predation or competitive allelopathic
interactions are similar at all depths, unlike previous observations of varying chemical defenses
in sponges from the shallow to mesophotic zone (e.g., Slattery et al. 2016).

Conclusions
Here we have shown that the sclerosponge, C. nicholsoni, similar to observations of sponge
communities on coral reefs in the Caribbean (Lesser and Slattery 2018), does show an increase in
percent cover and abundance into the mesophotic zone but that its microbiome community is
invariant along the shallow to mesophotic depth gradient. The abundance of this sponge, and the
metabolic diversity of its microbiome, at mesophotic depths suggests that this sponge may play a
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previously underappreciated role in DOM cycling in these deep, low-light habitats. Additionally,
it appears that this sponge does not change its trophic strategy with depth based on the stable
isotope analyses and diet reconstruction model, which is contrary to previous studies on sponges,
and some scleractinian corals, in the mesophotic. Factors such as its preference for low-light
habitats and the energetic requirements (i.e., ion pumping) of calcification may be why this
sponge exhibits an unexpected pattern in its trophic ecology compared to siliceous demosponges
in the Caribbean. Other factors such as changes in sedimentation rates (given their preference for
overhangs and vertical walls in the mesophotic), competition or mesophotic reef geomorphology
(vertical wall versus slopes) could regulate this sponge’s distribution as suggested by Lang and
Hartman (1975). In particular, direct feeding studies on this sponge will be necessary for
validating the diet reconstruction and isotope signatures presented here. Given the continuing
interest in this sponge as an indicator species for paleobiology, paleoclimatology and
paleoceanography, understanding its ecology and potential roles it plays on coral reefs at all
depths will be critical for understanding the dynamics of MCEs.
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Figure 33 (S1). Map showing study location on Grand Cayman (Google Maps, 2020). The inset
map shows the Kittiwake Artificial Reef site and the dashed line is where samples were collected
along the depth gradient.

Figure 34 (S2). Mean (± SD) read abundance of phyla in Ceratoporella nicholsoni samples from
shallow to mesophotic depths.
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Figure 35 (S3). Relative abundance (percentage) at the Phylum level for the community
composition of the Ceratoporella nicholsoni microbiome along a shallow to mesophotic depth
gradient.

Figure 36 (S4). Relative abundance (percentage) at the Class level for the community
composition of the Ceratoporella nicholsoni microbiome along a shallow to mesophotic depth
gradient.
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Figure (37) S5. Alpha diversity quantified using the Shannon diversity index for Ceratoporella
nicholsoni samples from shallow to mesophotic depths.
Table 16 (S1). Mean values of δ13C, δ15N and C:N ratios (± SE) for Ceratoporella nicholsoni
along the shallow to mesophotic depth gradient in Grand Cayman, Cayman Islands.
Depth (m)

δ13C (± SE)

δ15N (± SE)

C:N (± SE)

15-30 m

-18.09 (0.19)

3.84 (0.34)

4.88 (0.05)

30-60 m

-18.07 (0.18)

4.46 (0.37)

4.86 (0.06)

60-90 m

-18.16 (0.20)

4.61(0.31)

4.96 (0.06)
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Table 17 (S2). Comparison between paired non-acidified and acidified δ15N values from
Ceratoporella nicholsoni tissue showing on average 0.53‰ (± 0.58‰ SD) enrichment in the
acidified samples.
Depth
Zone
10-30m
10-30m
10-30m
10-30m
10-30m
10-30m
10-30m
30-60m
30-60m
30-60m
30-60m
30-60m
30-60m
60-90m
60-90m
60-90m
60-90m
60-90m
60-90m
60-90m
60-90m
60-90m

δ15N
Acidified
5.09
5.04
5.05
5.34
4.64
2.63
3.57
6.24
6.30
5.84
2.74
4.68
5.09
5.16
3.47
4.90
5.04
5.87
4.99
5.16
4.97
5.13

δ15N No
Acidification
4.57
4.66
3.68
5.08
4.28
2.09
2.55
5.53
5.81
4.57
2.38
4.08
4.39
4.94
5.06
4.55
4.52
4.95
4.53
4.49
4.45
4.07

Percent Difference Acidified - No
Acidification)
0.52
0.38
1.37
0.26
0.36
0.54
1.02
0.71
0.49
1.27
0.36
0.60
0.70
0.22
-1.59
0.35
0.52
0.92
0.46
0.67
0.52
1.06

Table 18 (S3). Contributions of most likely coral reef source end members to Ceratoporella
nicholsoni diets. Bayesian means with 95% credibility intervals (in brackets) of source
contributions (%) to sponge diets based on SIAR4.
Depth (m)

Macroalgae

Coral (%)

Live POM (%)

Detritus POM (%)

(%)
15 - 30

26 (0-48)

22(0-35)

25 (0-44)

27 (0-47)

30 - 60

36 (0-84)

23 (0-43)

14 (0-30)

27 (1-48)

60 - 90

52 (30-82)

18 (0-36)

8 (0-18)

22 (0-39)
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Table 19 (S4). Selected KEGG orthology genes from the predictive functional analysis of the
Ceratoporella nicholsoni microbiome.

KEGG
Function
Gene
Type
K00626 Carbon
metabolism
K01602 Carbon
metabolism
K01601 Carbon
metabolism
K01681 Carbon
metabolism
K00134 Carbon
metabolism
K01638 Carbon
metabolism
K01965 Carbon
metabolism
K02707 Carbon
metabolism
K01428 Nitrogen
metabolism
K00370 Nitrogen
metabolism
K00376 Nitrogen
metabolism
K02588 Nitrogen
metabolism
K02586 Nitrogen
metabolism
K10944 Nitrogen
metabolism
K03385 Nitrogen
metabolism
K04561 Nitrogen
metabolism
K00366 Nitrogen
metabolism
K00368 Nitrogen
metabolism
K10150 Sulfur
metabolism
K03119 Sulfur
metabolism
K01507 Phosphorus
metabolism

Specific Function
Acetyl-CoA C-acetyltransferase

Total Sum
Counts
1,537,056

Ribulose-bisphosphate carboxylase small chain

21,786

Ribulose-bisphosphate carboxylase large chain

22,988

Aconitate hydratase (acnA)

658,476

Glyceraldehyde 3-phosphate dehydrogenase (gapA)

608,505

Malate synthase (carbohydrate metabolism)

72,093

Propionyl-CoA carboxylase alpha chain

29,351

Photosystem II cytochrome b559 subunit alpha
(psbE)
Urease subunit alpha (ureC)

1,411

Nitrate reductase / nitrite oxidoreductase, alpha
subunit (narG, NarZ)
Nitrous-oxide reductase (nosZ)

21,049

Nitrogenase iron protein NifH (nifH)

1,977

Nitrogenase molybdenum-iron protein alpha chain
(nifD)
Methane/ammonia monooxygenase subunit A
(amoA)
Nitrite reductase (cytochrome c-552) (nrfA)

1,976

Nitric oxide reductase subunit B (norB)

1,221

Ferredoxin-nitrite reductase (nirA)

860

Nitrite reductase (NO-forming) (nirK)

184,632

Sulfate transport system substrate-binding protein
(cysP)
Taurine dioxygenase (tauD)

9,346

Inorganic pyrophosphatase (ppA)

407,648

15,925

3,623

54,842
360

37,764
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K00912 Secondary
metabolites
K05356 Secondary
metabolites
K01582 Secondary
metabolites
K14266 Secondary
metabolites
K04517 Secondary
metabolites
K05555 Secondary
metabolites
K01779 Secondary
metabolites
K00801 Secondary
metabolites
K06045 Secondary
metabolites
K00812 Secondary
metabolites
K01692 Secondary
metabolites
K03969 Stress
response
K03799 Stress
response

Tetraacyldisaccharide 4'-kinase (Lipopolysaccaride
biosynthesis.
All-trans-nonaprenyl-diphosphate synthase
(Terpenoid backbone synthesis)
Lysine decarboxylase (Tropane, piperidine and
pyridine alkaloid biosynthesis)
Tryptophan 7-halogenase

275,863

Prephenate dehydrogenase (Novobiocin
biosynthesis)
Cyclase (actIV) (Type 2 polyketide products)

537,918

Aspartate racemase (Nonribosomal peptide structure
synthesis)
Farnesyl-diphosphate farnesyltransferase
(Sesquiterpenoid and triterpenoid biosynthesis)
Squalene-hopene/tetraprenyl-beta-curcumene
cyclase (Metabolism of terpenoids and polyketides)
Aspartate aminotransferase

31,858

Enoyl-CoA hydratase (Geraniol degradation)

440,635

Phage shock protein A

46,663

Heat shock protein (htpX)

573,562

1062
202
2,168

33,265

17,873
35,516
425,144
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